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ABSTRACT
Exsolved nanoparticle decorated redox stable ceramic anode material with
high performance for Solid Oxide Fuel Cells
He Qi
The solid oxide fuel cell (SOFC) is an efficient high-temperature device that can directly convert chemical
energy to electrical energy. Because of its high efficiency and environmental friendliness, extensive
investigations have been made worldwide in past decades. Though broadly used as the anode material for
Solid-Oxide Fuel Cells, Ni-YSZ is limited in some practical applications by severe carbon deposition on
Ni in hydrocarbon fuels and a significant volume change of Ni-NiO among redox cycling. In order to
overcome these problems and achieve excellent performance in the redox environment, a Ni-free ceramic
material La0.5Sr1.5Fe1.5Mo0.5O6-δ (LSFM) is developed in this work.
LSFM possesses good phase stability in oxidizing and reducing atmospheres. Compared with
Sr2Fe1.5Mo0.5O6-δ (SF1.5M) and other related compositions, LSFM displays a closer CTE to electrolytes,
better reversibility (i.e., expansion reversibility and electrical conductivity reversibility) in redox cycling
and higher power density in hydrogen. First, the CTE is reduced from 17.12×10-6 K-1 (SF1.5M) to 15.01×106
K-1 (LSFM), and the thermal expansion can be further reduced with a higher lanthanum doping. Second,
the excellent reversibility of the chemical expansion during redox cycling is confirmed, which is necessary
to perfect electrical conductivity reversibility. In three redox cycles, no conductivity loss is observed. The
smaller thermal expansion and better reversibility result from a stronger metal-oxygen (M-O) bond,
specifically, La-O bond, in the LSFM. The strong M-O bond is helpful to stabilize the crystal structure,
limit the crystal cell’s expansion and sometimes maintain the phase stability. The small polarization
resistance (0.16 Ω·cm2) and the attractive maximum power density (1156 mW cm-2 at 800 oC in the
humidified H2) make the LSFM as a promising anode candidate for SOFCs.
Besides the good redox stability, La also helps to accelerate the in-situ exsolution of nanoparticles (NPs)
onto LSFM surface in H2. The exsolved material was characterized as uniformly distributed Fe NPs with a
particle size of about 100 nm. Minor Fe exsolution occurs in a strong reducing atmosphere (wet or dry H2)
at 800 oC in the first several hours. After that, the exsolution will stop automatically. Also, thorough and
rapid dissolution of exsolved NPs is observed after re-oxidizing LSFM in the air at 800 oC for 1 hour. Most
Fe NPs disappeared after the re-oxidizing and the phase evolution was recorded as the waved grain
boundary and surface. Electrical conductivity relaxation (ECR) analysis demonstrated that the surface
reaction kinetics on the LSFM anode is enhanced by in-situ exsolution. Based on electrochemical
impedance spectroscopy (EIS) and distribution of relaxation time (DRT) analysis, the ionic conductivity
was increased during exsolution. The higher surface catalytic activity and faster oxygen transportation lead
to this enhanced electrochemical performance.
Based on SF1.5M and related perovskite materials, the positive effect of H2O on hydrogen oxidation
reaction is proved and researched. Experimental results demonstrate that the electrochemical performance
of perovskite material is significantly improved in humidified gas (low and high PH2 environment). This
performance promotion mainly comes from the faster surface reaction process. In order to deeper
understand this mechanism, the DFT calculation was performed. DFT modeling shows that the H2O plus
surface oxygen vacancy formation step is the highest energy intermediate state on the surfaces and this state
can be reduced with (1) a lower δ near the surfaces, (2) the formation of hydroxyl ( OHO ) and hydride (H-)
relative to the surfaces containing O vacancies. The promotion effect of humidity is further explained by
ii

the lower surface electron chemical potential with increase of O chemical potential, as well as enhanced
interaction between the surface-bound H+ (surface hydroxyl) with the surface lattice oxygen in the 2HatO
hydrated surfaces and interaction between surface adsorbed hydride H- with surface O vacancies in the
HatM&HatO hydrated surfaces. The similar phenomenon is also observed from other perovskite materials,
indicating the humidity promotion effect and the identified enhancing factors can be general for HOR on
perovskite ceramics used in the SOFC anodes.
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Chapter 1 Literature Review
1.1 Overview of SOFCs
In recent decades, our planet is meeting the challenge of the rapidly growing population as well as the
accelerated energy sources consumption. The investigation in the field of clean and renewable energy is
one of the greatest research interests at present to dedicate to the worldwide energy problem. As a new
power generation technique which possesses high conversion efficiency (about 50% to 75%1) from
chemical energy to electrical energy without combustion, fuel cells2 have attracted considerable interests
and became one of the most widely investigated new-energy devices in North American, Europe, and Asia.
According to the properties of applied electrolytes, fuel cells are typically classified as3:
(1) Proton Exchange Membrane Fuel Cells (PEMFCs);
(2) Direct-methanol Fuel Cells (DMFCs);
(3) Alkaline Fuel Cells (AFCs);
(4) Phosphoric Acid Fuel Cells (PAFCs);
(5) Molten Carbonate Fuel Cells (MCFCs);
(6) Solid Oxide Fuel Cells (SOFCs).
As an efficient and cost-effective fuel cell system, it is available for SOFCs to produce energy from
hydrogen, natural gas or other renewable fuels at 500-1000 oC. Although possesses huge advantages, the
widespread application of SOFCs has not yet been realized. This is mainly because the unaffordable cost
of fuel cell fabrication, materials and maintenance compared with current matured electric power generation
technology. To accelerate the commercialization of SOFC technology, the system cost is suggested to no
more than $ 800/kW and the fuel cell stack cost should be approximately between $80 and $165 per kilowatt
4

. Meanwhile, the long-term stability of SOFCs should also be significantly increased. For a stationary

power generation, the degradation rate of less than 1% per 1000 h is desired. In other words, the lifetime of
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a SOFC stack required to be at least 50,000 h5. To meet the above requirements, the materials, cell
fabrication techniques, and stack designs should all be optimized6.
State-of-the-art SOFCs are composed of all-solid-state materials in many different configurations such as
flat plate cell, tubular cell, and rolled tubes. The basic components of a flat plate button cell are electrolyte,
anode, and cathode. The electrolyte is normally made of dense yttria-stabilized zirconia (YSZ) which is a
pure oxygen-ion conductor. In laboratory-scale research, lanthanum strontium gallate magnesite (LSGM)
is also employed as the electrolyte. On the air side, electronic conductor lanthanum strontium manganite

(LSM) is commonly mixed with ionic conductor YSZ as composite cathode7-8. Mixed ionic and electronic
conductors (MIECs) can be applied alone as the cathode, such as lanthanum strontium cobalt ferrite
(LSCF)9. On the fuel side, porous Ni/YSZ composite is a widely used commercialized anode10. To address
the issues of significant volume change11, carbon deposition12 and sulfur positioning13 on Ni, ceramic
materials, especially MIEC materials14, are investigated as the potential substitute for Ni-YSZ.
The configuration and reaction principle of the SOFC system are summarized in Figure 1. Briefly, the
reaction in SOFC is an oxidation reaction of fuels by oxygen. Take the hydrogen, for example, the
corresponding overall reaction is:

1
H 2 ( g ) + O2 ( g ) → H 2 O ( g )
2

(1)

On the cathode side, oxygen flows into the porous electrode, be reduced to O2- and then incorporate into
the electrolyte as the lattice oxygen O×
𝑂 . This oxygen reduction reaction (ORR) can be written as:

1
O2 ( g ) + 2e− + VO → OO
2

(2)

∙∙
−
Where O×
𝑂 and 𝑉𝑂 denote the lattice oxygen and the oxygen vacancy, respectively. 𝑒 is the electron. Under

the influence of electric potential, O×
𝑂 diffuse through the electrolyte and react with hydrogen on the anode
side. The hydrogen oxidation reaction (HOR) can be written as:

2

H 2 ( g ) + OO = H 2O ( g ) + 2e− + VO

(3)

Figure 1. Schematic diagram of SOFC.15-16

The aim of this dissertation is to investigate the ceramic anode materials for SOFCs and to explore the HOR
mechanisms based on perovskite anode materials. Thus, in the rest of this introduction, we will focus on
the materials and mechanisms on the anode side.

1.2 Anode Materials
As one of the most important components in the SOFC, the anode must catalyze the reaction of the fuel
with oxygen ions from the electrolyte and conduct the electrons produced in the electrochemical reaction
to the external circuit according to the Eq. (3). The anode polarization resistance (Rp) is strongly impacted
by the catalytic activity towards the fuel oxidation and the microstructure of the electrode. Specifically, the
microstructure involves anode morphology, size of the active area, porosity and the distribution of open
pores for efficient gas transportation. Anode materials should possess a high electronic conductivity, a high
ionic conductivity and sufficient catalytic activity to minimize energy loss during the fuel oxidation reaction.
Besides these requirements, an ideal anode material must also possess the good chemical and thermal
stability, the minimal CTE mismatch with other adjacent components and the sufficient mechanical strength
3

to withstand the physical weight and mechanical stresses. Furthermore, the anode material must be stable
in commonly used fuel gases, such as H2, CO, and hydrocarbons while tolerating carbon deposition, sulfur
poisoning and re-oxidation17-18. In consideration of the above conditions, an ideal SOFC anode needs to
meet the following requirements19-20:
(1) Great chemical compatibility with electrolyte to ensure clear interface.
(2) High ionic and electrical conductivity to support fast charge transfer.
(3) Satisfying catalytic activity towards fuel oxidation process.
(4) Excellent resistance to carbon coking and sulfur poisoning on hydrocarbon application.
(5) Similar coefficient of thermal expansion (CTE) with electrolyte to avoid cracking.
(6) Good phase stability in operating temperature and oxygen partial pressure (PO2) to keep the cell’s
long-term performance.
(7) Simple fabrication routine and affordable price to lower the cost for large scale production.

1.3 Ni-based Anodes
1.3.1 Ni Metal Anodes
At the early stage of anode material exploration, metal materials in the transition group and platinum group
are explored21. Among Fe, Co, Ni,22, Mn, Pt23 and Ru24, Ni defeated other elements with the highest
electrochemical activity for HOR25 and cost-effective price.
For an in-depth insight into the reaction mechanism at SOFC electrodes, it is essential to possess a
controlled microstructure of the electrode (Figure 2). This will be beneficial to accurately determine the
reaction sites and to clearly highlight the reaction rate of the unit area on the electrode26-30. Contrarily, it is
not easy to determine the reaction area and the rate-determining step in a porous Ni–YSZ cermet with
complicated and heterogeneous microstructure31-32.
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The anode reaction kinetics study was carried out by Yamamura et al.33 and Norby et al.34 on patterned Ni
anode and Ni mesh, respectively. Mizusaki et al.30, 35 investigated the anode hydrogen oxidation reaction
kinetics on patterned Ni anodes with YSZ as the electrolyte. Mizusaki30 prepared a total of 20 different
nickel stripe patterns with the line widths of 5, 10, 25, and 50 μm on 8YSZ single crystal surface for anode
impedance spectrum investigation. It was proved that the active region in a Ni pattern anode is limited to
the triple phase boundary (TPB) and the Rp is inversely proportional to the TPB length26-27.

Figure 2. (a-b) SEM images of Ni patterned anode with 15 μm stripe width and 800 nm layer thickness. (c) Scheme of sample
holder for Ni pattern anode.29

1.3.2 Ni-YSZ Cermet
To overcome the drawbacks associated with pure Ni with regard to CTE and coarsening effects, Ni-YSZ
cermet is introduced by Liu’s group36 and receives considerable attention as a state-of-the-art anode for
SOFCs. To be precise, the following favorable characteristics make the Ni-YSZ composite anode prominent:
(1) Catalytic activity: Ni is an excellent electrocatalyst for the electrochemical oxidation of H210. This
guarantees the high power density of the cell (about 2 W cm-2 in H2 at 800 oC)37.
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(2) Electronic conductivity: Extremely high electronic conductivity (~2×104 S cm-1 at 1000 oC)10 of Ni
provides a fast transmission channel for electrons. The electrical conductivity of Ni-YSZ cermet
(~102-103 S cm-1 at 600-1000 oC in H2)38-39 is still higher than most of the ceramic materials.
(3) TPB length: The abundant Ni/YSZ interface prolongs the TPB length and expands the active region
from a limited two-dimensional electrolyte/electrode interface to the three-dimensional network.
(4) YSZ framework: The YSZ constitutes a framework for the dispersion of Ni and inhibits the
coarsening of Ni during the operation to maintain the TPB length40. It also offers a significant part
of ionic contribution to the overall conductivity, thus effectively broadening the TPB area.
(5) Chemical stability: Both YSZ and Ni are stable in a reducing atmosphere at high temperatures and
the compatibility of Ni and YSZ is excellent over a very wide temperature range.
(6) CTE: The CTE of Ni-YSZ is close to the YSZ electrolyte and the CTE value can be matched with
other cell components by adjusting the composition41.
(7) Charge transfer resistance: The intrinsic charge transfer resistance that is associated with the
electrocatalytic activity at Ni/YSZ boundary is low10.
As discussed with the Ni pattern electrode, the electrochemical reaction in Ni-YSZ occurs at the TPB where
Ni, YSZ, and pore (gas phase) coexist. Maximization of TPB length by fine-tuning the microstructure is
crucial to improve the electrochemical performance of Ni-YSZ anode. Meanwhile, the connected electrical
conductor network (Ni) and ionic conductor network (YSZ) is necessary to avoid the inert zone as well as
to maximize the TPB density. Electrical and mechanical properties of anodes should also be considered
upon the microstructure modification.
In view of the conventional ceramic powder mixing process, the general Ni/YSZ cermet anode preparation
process involves the following steps10:
(1) Homogeneously mix the appropriately sized NiO and YSZ in an appropriate composition.
(2) Fire the mixture at an appropriate high temperature for a certain time.
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(3) Reduce the NiO-YSZ into Ni-YSZ in the reducing atmosphere (pure H2 or N2+H2 mixture) at a fuel
cell operating temperature (600-1000 oC).
In the third step, the generation of pores into the anode is along with the reduction of NiO because of the
huge volume reduction (~ 41%) during the conversion of NiO to Ni. The volume of pores formed during
the reduction depends on the composition of the cermet. The porosity of Ni-YSZ cermet increases with the
amount of NiO. Volume percentage (Vol%) of different components of the anode (NiO, Ni, YSZ and
porosity), calculated from the molar volumes of YSZ, Ni and NiO.

1.3.3 Carbon Deposition

Figure 3. Schematic diagram (left) and microscopy image (right) of carbon formation from unsupported Ni exposed to 20%
C2H4/7%H2 at 823K.42-43

Carbon deposition is a critical problem to kill Ni-based anodes in a short time. As we know Ni is a great
catalyst to promote the carbon nanofiber fabrication42, the formation of carbon with Ni-based system in a
hydrocarbon environment is difficult to avoid. Carbon deposition takes place via the catalytic dissociative
adsorption of hydrocarbons on the Ni surface10. When carbon source deposit onto Ni surface, carbon prefer
to dissolve into the Ni bulk, after the carbon is saturated in Ni particle, it will precipitate out as fiber at some
Ni surface. The schematic diagram and microscopy image of carbon fiber formation are described in Figure
3. Formed carbon covers the active sites of the anode and results in the loss of cell performance. Generally,
the button cell would be killed by carbon coking in a few hours depending on temperature and environment.
7

Carbon deposition on the Ni-YSZ anode materials takes place via the following chemical reactions44: (1)
CH4 cracking at a high temperature and under a low steam to carbon (S/C) ratio in thermodynamic
equilibrium. (2) Reduction of CO to C at a low CO concentration. (3) disproportionation of CO (Boudouard
reaction) at low temperatures at a high CO concentration.

CH4 → C + 2H2

H 298 K = −172 kJ mol−1
H 298 K = −131 kJ mol−1

CO+H2 → C + H2O

2CO → C + CO2

H 298 K = −172 kJ mol−1

(4)
(5)
(6)

The morphology of carbon is controlled by the temperature44-45, fuel composition and anode material46-47.
At high S/C ratio (~2), no degradation of the anode material is observed. Unfortunately, the Ni current
collector is partly disintegrated at S/C = 0.5 (despite stable operation)48. Meanwhile, the situation becomes
more complicated with water because water is generally present in the reformate gas, syngas, biogas, etc.,
and trigger the water-gas shift reaction49:

CO + H 2O → CO2 + H 2

H = −41.2 kJ mol

−1

G = −28.6 kJ mol

−1

(7)

Besides wrapping Ni particles and inactivating the active sites of the anode, deposited carbon also induces
corrosion of Ni particles50. Chun et al.51-52state that at high temperatures (< 900 oC), carbon is transferred
from the carbon supersaturated gaseous fuel environment and precipitate on the Ni surface via the catalytic
graphitization mechanism. At certain regions of Ni surface, the basal planes of graphite are perpendicularly
oriented to the metal surface, as shown in Figure 4a-b. The Ni metal cations will intercalate into these
graphitic channels and subsequently coalesce at the outer surface of the graphite. Small Ni particles formed
during this process and finally lead to the corrosion of Ni (Figure 4c-d). These small Ni particles at the
outer surface catalyze the formation of carbon nanofibers.
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Figure 4. (a) Schematic graph and (b) Cross-sectional TEM image of the Ni/carbon interface with the perpendicular alignment of
basal planes of graphite to the Ni (110) surface after reaction at 650 oC for 1 h at CO/H2 = 25. (c) Cross-sectional TEM image of
the interface between carbon (graphite and amorphous carbon) and Ni grain after reaction at 550 oC for 7 h at CO/H2 = 25. (d)
Cross-sectional TEM image of the interface between filamentous coke and carbon after reaction at 550 oC for 7 h at CO/H2 = 25.
51

1.3.4 Sulfur Poisoning
As another enemy to Ni-YSZ anode performance, sulfur poisoning usually has two sequential stages related
to different surface processes53. The first stage dominated by a fast sulfur adsorption process on the Ni
surface, which can be described as:

H 2S ( gas ) + Ni ( solid ) → Ni − S ( surface ) + H 2

(8)

As a strong absorption of sulfur on Ni surface, active sites for H 2 adsorption are blocked and all the
following processes such as dissociation, diffusion, and oxidation are prohibited along the poisoned surface.
The degradation can be clearly observed in Figure 5 with a few ppm H2S in H2. The degradation caused by
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the second stage is much slower. A reasonable explanation about the second stage is that, after surface
poisoning at the first stage, continued sulfur exposure give rise to a surface reconstruction on Ni54. For the
recovery process, Eq. (8) will be reversed as:

Ni − S(surface) + 2OYSZ ( TPB ) → Ni ( surface ) + SO2 ( gas ) + 2VO ( TPB ) + 4e− ( Ni )

(9)

With the absent of H2S, surface adsorbed sulfur will be released first and followed by diffusion of sulfur
from subsurface to outer surface and desorption. However, if the microstructure has to be altered to some
extent, the recovery may not be complete53.

Figure 5. Impedance spectra under open-circuit conditions (a) for a full cell, (b) for anode/electrolyte interface.53

Cheng et al.13 tested the Ni-YSZ composite in the fuel mixture with a nominal composition of 50 ppm
H2S/50% H2/1.5% H2O/48.5% N2 for 48 h followed by a gradual cooling in the same fuel atmosphere. The
ex situ optical and SEM images are given as Figure 6a-b and Figure 6c-e, respectively. With exposure to
the sulfur-containing fuel, Ni is changed from metallic white to brown (Figure 6a) or yellow (Figure 6a).
Besides, the morphology of Ni is various when exposure to the sulfur.
In some regions, Ni particles rise up along the particle edge to form a hump (Figure 6a and c). In other
regions, the Ni surface is covered by micro-scale sphere-like structures (Figure 6b, d and e). The surface of
10

the spheres and the regions in between them seem to be composed of submicron-scale irregular shape
particles.

Figure 6. (a-b) Optical microscopy (a, b) and SEM (c, d, e) images of the Ni-YSZ composite after exposure to an H2S-containing
fuel (50 ppm H2S/1.5% H2O/48.5% N2/50% H2) at 800 °C for 48 h.13

Moreover, EDX elemental mapping on sulfur poisoned Ni-YSZ composite exhibited the selective corrosion
of sulfur on Ni. In Figure 7, the complemented sulfur and zirconium area in the EDX maps indicate that
sulfur selectively attacks the nickel in the composite. On the other hand, because of the excellent stability
of YSZ, H2S or sulfur do not react with YSZ and the adsorption of sulfur on oxides is usually minimal55.

Figure 7. SEM image and EDX elemental maps of the Ni-YSZ composite after exposure to an H2S-containing fuel (50 ppm H2S/1.5%
H2O/48.5% N2/50% H2) at 800 °C for 48 h.13
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1.3.5 Volume Change
Besides carbon deposition and sulfur poisoning, the big NiO/Ni volume change in the redox environment
and the microstructure change because of Ni coarsening are two other reasons for the performance
degradation. The volume and pore size change in a Ni-YSZ cermet with different Ni:YSZ ratio is listed in
Table 1. According to this table, the volume loss of NiO after reducing is about 40vol%. Uniformly
dispersed pores in bulk Ni and at Ni/YSZ interface56-57 are formed to compensate this volume change.
Table 1. Vol% of Ni-YSZ cermet with different compositions of NiO and YSZ.10

Before Reduction (vol%)

After Reduction (vol%)

YSZ

NiO

Pore

YSZ

Ni

Pore

91.05

8.95

0

91.05

5.262

3.688

81.89

18.11

0

81.89

10.65

7.46

72.51

27.49

0

72.51

16.16

11.33

62.90

37.10

0

62.90

21.8

15.30

53.06

46.94

0

53.06

27.6

19.34

42.98

57.02

0

42.98

35.53

21.49

32.64

67.36

0

32.64

39.6

27.76

22.04

77.96

0

22.04

45.84

32.12

11.06

88.84

0.1

11.06

52.23

36.71

Mechanism of performance degradation from Ni volume change in a redox environment is shown in Figure
8. For an as-sintered NiO-YSZ composite, configuration of pores, NiO and YSZ, as shown in Figure 8a11.
Upon reduction, the Ni particles become rounded and volume reduced, more space is formed in the
electrode. During re-oxidation, the Ni particles won’t revert to original state but expansion to a new
morphology which dominated by the oxidation kinetics. Accompanying a fast and random volume
expansion in a certain space, stress is generated in the YSZ matrix and Ni particles. At some weak points,
cracks happen, as shown in Figure 8c. When the electrode is reduced for the second time, because of the
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redistribution of NiO an improved percolating Ni network will be formed compared with the first reduced
state. With repeated redox cycling, more and more cracks are formed in the YSZ network together with a
better improved percolating of Ni network and Ni coarsening.

Figure 8. Schematic diagram of the microstructure change in Ni/NiO-YSZ electrode upon successive redox cycling.11

1.4 Perovskite Anodes
The requirements of high carbon resistance and low sulfur sensitivity bring people to start working on
nickel free materials such as copper-based cermet58-60, ceria related compounds61-64, perovskites65-67, and
pyrochlores68-70. Because of the exceptional structure and flexible composition, perovskites get lots of
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attention in recent years and generate many famous material groups, such as SrTiO3 (STO) related
materials71-72, Sr2MgMoO6-δ (SMM) related materials73-74 and Sr2FeMoO6-δ (SFM) related materials75-76.

1.4.1 Simple Perovskite Structure

Figure 9. Crystal structure of the perovskite with ABO3 form.

Generally, ideal perovskite is a cubic structure which can be written as ABO3. Most common A site
elements are made of alkaline earth metals such as divalent cations Ca, Sr. Ba, Pb and trivalent cation La77,
which usually have a larger size and occupies at the cubic corner (green sites in Figure 9). The preference
of divalent cations is because of their larger size compared with trivalent cations and in that case, more Bsite cations can be used. A smaller B-site cation normally comes from transition metal group which occupies
at the cubic center site (blue site in Figure 9) and oxygens sit at face center (red sites in Figure 9). In the
ideal cubic ABO3 structure, the bond length of A-O and B-O follow the relationship LA−O = 2 LB −O based
on simple geometry. However, in most cases, the radii of A and B cations don’t match this perfectly.
Goldschmidt tolerance factor77-78, which used to describe the A and B cation mismatch can be written as:

t=

rA + rO
2 ( rB + rO )

(10)

In this equation, rA, rB, and rO are the ionic radii of A, B, and O, respectively, for perovskites with two or
more different A-site or B-site cations, an average radius is used. When t < 1, rA is smaller than ideal, the
structure compensates the mismatch by tilting the BO6 octahedra; when t > 1, rA cation is larger than ideal
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and the strain caused by mismatch cannot be compensated by octahedral tilting. The tolerance factor t within
a large number of perovskite materials is summarized in Figure 10.

Figure 10. A number of ABO3 compounds reported with different values of tolerance factor t.77

1.4.2 Ordered Perovskite Structure
Cation substitutions are possible on A or B sites of the perovskite structure. The vacancy can be regarded
as a kind of substitution on O sites. Cation substitutions are usually used to build up the perovskite family
and to tune the cation ordering which significantly impacts the properties of the material. Rock salt,
columnar and layered ordering become the (111), (110) and (001) ordering configurations, respectively
(Figure 11). A-site cation ordering provides the same shapes, also shown in Figure 11.79-80 A special case
is that in the ordered perovskite AA’BB’O6, rock-salt ordering of the B/B’ cations and layered ordering of
the A/A’ cations will coexist. The B’ cations move along the c-axis towards the under-bonded anion and
away from the over-bonded anion.80
Cation ordering is essential to determine the characteristics (i.e., crystal structure and phase stability) and
electronic or ionic conductivity of perovskite materials.80-81. Generally, B-site-ordering happens easier than
A-site ordering. The coordination preference of the B-site cations defines the ordering status of the cations
and vacancies when a large number of oxygen vacancies exist.
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Moreover, the ordering of the B-site cations controls the ordering behavior of the A-site cations. The A-site
ordering cannot be formed without the existence of B-site ordering.80 For example, NaLaTi2O6 and
NaLaZr2O6 do not show any order, whereas NaLaMgWO6 and NaLaMnWO6 display highly ordered A-site
cations.82-83 In 1984, NaLaMgWO6, an ordered perovskite structure, was reported.84 Some other examples
are KLaMgWO685-86, NaLaCoWO6 and NaLaNiWO687, NaLaScNbO682, NaNdCoWO683, KLaMnWO6,83
NaLnMnWO6 (Ln=La, Ce, Pr, Nd, Sm, Gd, Dy, Ho) 83, 88, NaLnMgWO6 (Ln=Ce, Pr, Nd, Sm, Eu, Gd, Tb,
Dy, and Ho)83, 88 and PrBaCo2O689.

Figure 11. Cation ordering schemes of perovskites. From top to bottom are 0D (rock salt), 1D (columnar ordering) and 2D (layered
ordering) for B-site ordering in A2BB’X6 perovskites (left) and A-site ordering in AA’B2X6 (right) perovskites.79
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1.4.3 Potential perovskite anodes
The conductivity of modified STO can be 100 S cm-1 at 800 oC with proper lanthanum (La) or yttrium (Y)
doping on A site90-91. This value could reach up to 120 S cm-1 with niobium (Nb) doping on B site92. Similar
modification with manganese (Mn) or gallium (Ga) on B site are also researched92 and achieved high
electrical conductivity. Another advantage of STO and related materials is the matched CTE with
electrolytes (YSZ is 10-11×10-6 K-1 93-94 and LSGM is 10-12×10-6 K-1 95-97). According to Marina’s work98,
the CTE of undoped SrTiO3 and LaxSr1-xTiO3 (x=0.1-0.4) are 10.8×10-6 K-1 and 11-12×10-6 K-1, respectively.
The greatest advantage of doped STO is their high stability. First, doped STO presents good chemical
stability at the operation environment (high temperature and low PO2). Second, they display good resistance
to carbon deposition and sulfur poisoning71, as well as an attractive H2S-induced electrochemical
enhancement effect when fuel containing H2S72. Third, their good chemical compatibility with YSZ make
them are more suitable for large-scale commercialized production. The other two families SMM and SFM
are stable with GDC and LSGM but only YSZ can be applied to a commercialized production. Good
stability, however, from the other aspect, implies lower electrocatalytic activity and lower electrochemical
performance. The inferior performance (less than 100 mW cm-2)71, 91 when utilizing doped LST as an anode
in SOFCs limited the application prospect of these materials. Even LST-GDC composite with Ni infiltration
can only reach about 300 mW cm-2 at 800 oC in humidified H299.
Compared with Ni-YSZ anode, double perovskite material SMM yielded a competitive maximum power
density as 838 mW cm-2 in H2 and 400 mW cm-2 in dry CH4 at 800 oC along with a better sulfur tolerance100101

. Low Mo6+/Mo5+ reduction potential contributes to easier dissociative chemisorption of the fuels on the

perovskite surface and good electrochemical performance. In SMM structure, the valence of stratum (Sr)
and magnesium (Mg) are both +2, polyvalent element molybdenum (Mo) shows +4/+5/+6 at different PO2
environment. Because there is no interstitial oxygen in perovskite, only Mo is responsible for oxygen
vacancy formation in the structure. Since the vacancy concentration plays an essential role on physical and
electrochemical properties50, 102, substitute partial or entire Mg with polyvalent elements such as cobalt (Co),
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iron (Fe) and nickel (Ni) are attempted. After substitution, the relation between cation valance and oxygen
vacancy concentration is more complicated and probably lead to a faster oxygen exchange kinetics on the
surface. In-situ exsolution of Co, Ni and Ni-Mo nanoparticles (NPs) in a strong reducing atmosphere was
observed on the surface and grain boundary of Sr2CoMoO6 and Sr2NiMoO6. This unique decorated surface
is believed to enhance the electrocatalytic activity50.

Figure 12. (a) Electrical conductivity of Sr2FeMoO6-δ in 5%H2, (2) Dilatometry data of Sr2FeMoO6-δ in air, inset is the bar sample
after test, (c) Electrical resistance of Sr2FeMoO6-δ and related materials in H2,103 (d) Electrical conductivity of Sr2FeMoO6-δ and
associated materials in 5%H2.104

Among polyvalent elements, Fe has been extensively investigated to substitute Mg in SMM. Compositions
with different Fe content are researched and achieved good results. When Fe:Mo = 1:1, electrical
conductivity in forming gas showed nearly metallic behavior with the conductivity of about 150 S cm-1 at
800 oC as shown in Figure 12a and c. Wang105 reported the maximum power density of SFM/LSGM/BSCF
to be 863.7 mW cm−2 with H2 and 604.8 mW cm−2 with dry CH4 at 850 °C. Although Sr2FeMoO6 showed
very high power density in both H2 and CH4, this material is only stable in a reducing atmosphere. A
thorough and rapid decomposition in the air was reported105-107 and observed from our tests as well (Figure
18

12b). Through the determination of Fe and Mo valence states and oxygen stoichiometry in Sr 2FeMoO6,
Rager108 claimed that the phase stable composition in the air with a maximum Mo solubility is
Sr2Fe1.34Mo0.68O6-δ and this conclusion was confirmed with the experiment by Wang et al.107. A further
demonstration of the phase stability of Sr2Fe1.5Mo0.5O6 (SF1.5M) was made by Liu et al.
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. They use

SF1.5M as both cathode and anode in symmetrical SOFCs. According to their report, the maximum power
density of an SF1.5M/LSGM/SF1.5M symmetrical cell was 835 mW cm-2 in wet H2 and 230 mW cm-2 in
CH4 at 900 oC.

1.4.4 In-situ Exsolution of Perovskite materials
Though perovskite materials have been extensively studied as alternatives of Ni-YSZ, their electrochemical
catalytic activity is generally lower than Ni-YSZ. Surface decoration is an effective technique to improve
the catalytic activity of the anode110. Perovskite materials with surface-decorated transition metal NPs have
shown outstanding potential in energy applications from catalysis to power generation. Unfortunately, when
loading metal NPs on the electrode surface with Chemical or physical deposition method111-113, aggregation
of NPs becomes another issue to induce degradation, especially to the long-term operation114.
To address this problem, transition metals (Fe, Co, Ni et al.) are doped into the B-site of the perovskite. In
a strong reducing atmosphere at high temperature, doped transition elements may exsolve alone 115 or with
other B-site elements116 to form the catalytic metal NPs on the surface. Further, Neagu et al. state that the
A-site deficiency created in perovskites (A1-yB1-xMxO3) makes the NPs exsolution easier and controllable
with more flexible choices of compositions.114 Inspired by this, several new materials following this design
principle are reported117-120.
According to Neagu et al’s work, exsolved NPs grow from the parent phase with a socket structure (Figure
13a) which can improve the connection strength between NPs and parent phase115. Compared with
deposited NPs, the carbon deposition on the surface with exsolved NPs is essentially limited (Figure 13ef). There are two kinds of carbon fiber growth mechanisms on Ni particles, one is tip-growth and the other
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is base-growth (Figure 13h). In the tip-growth mechanism, carbon dissolves into the Ni lattice while the
fiber grows at the metal particle-oxide substrate interface, resulting in the particle uplifting from its original
location. Most carbon fibers grow in this way. Because of the strong interaction between the exsolved
socketed particle and the parent oxide, the most favorable tip-growth pathway is extremely limited which
contribute to a clean surface during the coking test. In addition, this special socketed structure also
significantly limited the coarsening and agglomeration of the decorated Ni NPs during long-term utilization.
In Figure 13i-l, the exsolved particles behave as if pinned to their original locations and show a level of
stability beyond the conventional deposited NPs.

Figure 13. (a-d) Particle-substrate interface on perovskite surface with exsolved Ni particles. (e-h) Carbon deposition on perovskite
surface with (e) deposited particles and (f-g) exsolved particles. (i-l) Thermal stability of (i-j) deposited particles and (k-l) exsolved
particles.115

Studying the exsolution mechanism can help to understand the physical processes of particle growth as well
as to control the particle dimensions. Gao et al.121 provided an in-depth study of the exsolution process from
nucleation step and particle growth step.
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In the classical isothermal nucleation theory, the nucleation rate can be expressed as122-123:

N=

 G * + Ea 
exp  −


RT



C

(11)

Where N is the nucleation rate per unit area or volume, C is the nucleation site density, τ is the
characteristic timescale. ΔG* is the critical free energy, Ea is the activation energy. ΔG* + Ea in Eq. (11)
can be expressed as:



G* + Ea = Gbulk
+ Ginterface
+ Gsurface
+ Estrain + Ediffusion


Ginterface
=  interface Sinterface

(12)
(13)



Gsurface
=  surface Ssurface

Where γ denotes the surface tension, S*interface corresponds to the solid-solid interface. Gao et al.121 state that
the nucleation process is strongly influenced by the surface morphology. Therefore, at the grain boundaries
and concave sites, a higher particle density is always found. Besides ΔG*, The Ea in Eq. (12) will also affect
the nucleation process. A smaller Estrain on the surface decided that the surface is more favorable for
nucleation rather than bulk124. The Ediffusion may vary due to the segregation of the elements and lead to a
patterned particle distribution. Nucleation may also be impacted by surface roughness.
According to Gao’s analytical model121, the growth rate of a spherical particle can be expressed as:

 E (r ) 
dV
 E 

=  0 S exp  − a   ci i =  0 r  exp  − S
  ci i
dt
RT 
 RT 


(14)

The growth of NPs could be controlled by strain-limited exsolution, reaction-limited exsolution, and
diffusion-limited exsolution, which can be described as Eq. (15), Eq. (16), and Eq. (17), respectively.
1

 
t  3
r = rs-lim  ln 1 +
 

   s-lim  

(15)

1



t  3
r = rr-lim 1 − exp  −
 
  r-lim  
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(16)

1

 t 6
r = rd-lim 

  d-lim 

(17)

When strain dominates the growth process, larger strain energy will lead to smaller particle size. If the
reactant limits the exsolution, a higher doping level contributes to larger particle size. In both situations,
particles grow faster in a higher hydrogen particle pressure (PH2) environment (Figure 14). As to the
diffusion limited exsolution, the cation’s reduction on the surface is much faster than the cation’s diffusion
in the bulk. Thus, the particle growth depends on the diffusion rate of cations in the bulk. The concentration
of exsolved element is zero near the interface at the bulk side.

Figure 14. (a) Particles reduced in pure H2 (left) and 20%H2 (right) for 5, 10, 15, 20, and 30 h. Scale bar is 100 nm. (b) The average
particle size with reduction time and the fitting results with three models.

1.5 Hydrogen Oxidation Reaction Mechanisms
1.5.1 HOR Process on Ni-YSZ Anode
Besides new materials development, a lot of work has been done to understand the mechanism of anodic
reactions, especially for hydrogen oxidation reaction on Ni-YSZ anode. Several mechanisms are
extensively researched on different rate determining steps (RDS) include adsorption and disassociation of
H226, 125, surface diffusion of H atoms and/or O2- ions30, 125-127, electrochemical reaction steps at TPB125, 127-

22

128

, catalytic effects of water26, 129 and others. Briefly, the overall reaction Eq. (3) could occur following

steps as:

H 2 ( g ) +  → H 2, Ni /YSZ *

Adsorption of H 2 on Ni or YSZ

H 2, Ni /YSZ * → H 2,TPB *

Surface diffusion of H 2 to TPB

H 2,TPB * +OO ,YSZ → H 2O ( g ) + VO ,YSZ + 2eNi−

Electrochemical reaction

Here, * is the active sites on Ni or YSZ surface for chemisorption. The H2 disassociation step on the Ni
surface is not presented in above steps129. Though there is wide recognition of this process, different
opinions regard to some reaction details exist10. First, locations of electrochemical reaction are not clear, it
could symmetrically on Ni and YSZ surface22, 125 or merely on one surface126-127. Second, the diffusion
pathways of H to TPB (surface and/or bulk) and the possible role of interstitial hydrogen and hydroxyl at
Ni/YSZ interface126-127, 129. Third, the catalytic effect of water in reactions26, 129. Fourth, intermediate species
and locations of oxygen ions before water formation.
Three reaction pathways including hydrogen spillover, oxygen spillover and hydrogen interstitial pathways
at TPB area are summarized by Bessler et al.130 and schematic diagrams with regard to these pathways are
shown in Figure 15. (1) In the hydrogen spillover pathway, adsorbed H atoms move from Ni surface over
TPB towards YSZ surface while simultaneously oxidized to H+ and give electrons to Ni (Figure 15a). H+
ions can attach either to O2- or OH- sites on YSZ surface. (2) In the oxygen spillover pathway, adsorbed O2ions move from YSZ surface over TPB towards Ni surface. Electron transfer could happen before, during
or after spillover (Figure 15b). Since direct contact of two surfaces is required by hydrogen and oxygen
spillover pathways, when TPB is blocked by secondary phases, hydrogen interstitial pathway is a proper
substitution to maintain the charge transfer. (3) In hydrogen interstitial pathway, benefited from a relatively
high solubility and diffusivity of H in metal lattice (solubility: H/M≈10 -4 in Ni, DH≈10-5-10-4cm2 s-1 in Ni
around 1000K)129, H atoms are dissolved in Ni lattice, diffused to Ni/YSZ interface and oxidized there to
yield interstitial protons in YSZ lattice (Figure 15c). Based on these, similar pathways such as hydroxyl
spillover pathway and chemical reactions on the electrolyte surface pathway are also proposed131. All these
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pathways are chemically reasonable in certain conditions. For further investigation, quantitative analysis is
needed.

Figure 15. Charge transfer mechanisms at the Ni/YSZ three-phase boundary. The “wall” in panel (c) indicates potential segregated
impurities.130

1.5.2 HOR Process on MIEC Anode
Mixed ionic and electronic conductors (MIECs) are materials in which both the ionic and electronic species
carry electricity132. In principle, most ionic crystals, like oxides and halides, can be regarded as MIECs
because they have both ionic and electronic conductivity. Most perovskite materials applied in SOFC anode
(such as Sr2MgMoO6-δ and Sr2Fe1.5Mo0.5O6-δ) are MIEC materials. For this kind of material, reaction active
regions are no longer limited to TPB. As shown in Figure 16, fuel oxidation reaction in Ni-YSZ anode can
only react at two points marked as red dots. For MIEC materials, benefit from their good ionic conductivity
and electrical conductivity, every point on the surface can be regarded as TPB, or in other words reaction
zone is expanded to the whole electrode surface (marked as red line). Based on the overall hydrogen
oxidation reaction in Eq. (3), model133 is established to investigate the electrochemical performance in
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reducing atmosphere. Periodic density functional theory (DFT) calculations are used by Suthirakun et al.134
to calculate the free energy profile (eV) for the HOR on the plane-Mo surface of Sr2Fe1.5Mo0.5O6. According
to their calculation, a similar pathway is proposed for H2 oxidation on Sr2Fe1.5Mo0.5O6 surface and displayed
in Figure 17. In summary, except surface diffusion which is not emphasized in MIEC anode, there are no
other big differences between mechanisms applied in Ni/YSZ and MIEC anodes. H2O catalytic effects
observed in Ni/YSZ anode are rarely mentioned in MIEC anodes.

Figure 16. 2PB reaction regions for an MIEC anode (left) and 3PB reaction regions for an electronic-ionic composite anode (right).

Figure 17. Proposed mechanism for H2 oxidation on Sr2Fe1.5Mo0.5O6 surface.134

1.5.3 Catalytic Effect of H2O to HOR Process on Ni-YSZ Anode
Besides electrochemical reaction at TPB area, the catalytic effect of H2O in Ni-YSZ cermet is also
investigated. According to Jiang et al.22, The effect of PH2O to the hydrogen oxidation reaction on
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Ni/zirconia cermet anodes is first reported in 1989. The further study published by Jiang is based on Ni and
Pt porous electrode. From Jiang’s work, the reaction rate promotion from H2O is only observed on Ni-based
electrodes, as shown in Figure 18. Depending on the metal surface evaluation, Jiang claims that there are
Oads species or suboxide on Ni electrode surface. Compared with a clean Ni surface, these oxygen species
serve as bridges so that adsorbed hydrogen atoms can diffuse from one active site of Oads species to another.
As the concentration of Oads species or suboxide on the Ni surface increase with PO2, the rate of such
dissociative adsorption/diffusion of hydrogen increases significantly with the water content in H2. For noble
metal Pt, however, the formation of such oxygen species on the surface is highly unlikely due to a much
higher Gibbs energy. In that case, H2O only act as a PO2 adjuster apart from the reaction product. As PO2 in
humidified H2 is much higher than in dry H2, the Rp of Pt is bigger in H2 with 2%H2O.

Figure 18. Impedance spectra for H2 oxidation on (a) porous Ni electrode and (b) porous Pt electrode, at 1000 oC for different
H2O% in H2 gas. 22

Different from Jiang’s mechanism, Bieberle et al. 26 proposed another mechanism which indicates that H2O
in H2 gas expanded the diffusion length of H atoms on the YSZ surface. Figure 19 is the schematic diagram
of Bieberle’s model utilized to explain the catalytic effect of H2O in the hydrogen oxidation reaction. After
adsorption and disassociation of H2 on Ni surface (Figure 19a) and oxidation of H atom to H+ ion (Figure
19b), H+ is diffused to YSZ surface with help of protonation and deprotonation reactions of the hydroxyl
groups on the YSZ surface (Figure 19c-d). This protonation-deprotonation mechanism is unique for a wet
fuel-gas atmosphere where the electrochemically active region is enlarged due to a hydroxylated YSZ
surface and anode kinetics is facilitated in wet gas.
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Figure 19. Model for the catalytic effect of the addition of water in the fuel gas atmosphere on the performance of SOFC anodes.26

Though both mechanisms are plausible, they are not the whole story yet. First, the worse electrochemical
performance of Pt electrode in wet H2 (Figure 18b) cannot be explained by Bieberle’s mechanism. Second,
if Jiang’s mechanism is reasonable, more evidence is needed to prove that in the same PO2 condition, the
electrochemical performance should be the same no matter how much water content in the gas. In that case,
more investigations are desired in this aspect.
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Chapter 2 Research Objectives

•

Develop a Ni-free redox stable ceramic anode material with high performance for SOFC.

•

Evaluate the phase stability of the developed material in both air and H2, CTE, phase and electrical
conductivity reversibility in redox environment, the electrochemical performance of symmetrical
cell and single cell.

•

Verify the conditions required for Fe exsolution and characterize the morphology of exsolved
material.

•

Demonstrate the long-term stability of LSFM in H2 as well as to characterize the particle growth of
LSFM.

•

Investigate the effect of exsolution on electrochemical performance.

•

Research the catalytic effect of water to hydrogen oxidation reaction process and propose a
mechanism to explain this phenomenon.
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Chapter 3 Experimental Methods
3.1 Material Synthesis
The material preparation method is the footstone for repeatable and credible research. Big experimental
deviations from different groups based on the same or similar materials are not rare surprising in the
literature135-136. Although we usually ascribe this difference to the various test environments, different
material synthesis routines may also play a crucial role. In this work, all experimental details will be
clarified first before data analysis and discussion.

3.1.1 Sol-gel Preparation (Step 1)
EDTA-citric acid sol-gel method137 was applied as a general material preparation strategy on all anode
candidates in this work. Here we take Sr2Fe1.5Mo0.5O6-δ (SF1.5M) as an example. A stoichiometric amount
of raw materials (Alfa Aesar), Sr(NO3)2 and Fe(NO3)3·9H2O, were dissolved in distilled water in one beaker
(solution 1). In another beaker, the mixture of ethylenediaminetetraacetic acid (EDTA) (Alfa Aesar) and a
suitable amount of ammonia water (Alfa Aesar) was heated and stirred until a clear solution was obtained
(solution 2). Solution 2 was mixed into solution 1 and then (NH4)6Mo7O24·4H2O (Alfa Aesar) and citric
acid (Alfa Aesar) were added one by one. The molar ratio of metal ions : citric acid : EDTA was 1 : 1.25 :
1. The solution was adjusted to pH=6 with ammonia water and held on a hot plate at about 80 oC for several
hours with stirring until gelation occurred. The gel was heated at 200 oC overnight to drive off the liquid
and form porous black ash.

3.1.2 Organics Elimination (Step 2)
The black ash was fired at about 500 oC with intermittent stirring until all organic residues are eliminated.
The brick-red precursor was obtained after this low-temperature treatment. Depends on different elements
in solution, the color of the precursor after 500 oC treatment may be different. The brick-red color in our
precursor came from the iron oxide.
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This is the most important step during the synthesis process but always be neglected. As abundant EDTA
was added into the solution, the organics in precursor must be eliminated thoroughly before a phase
formation, especially for a big batch. Otherwise, some carbonized organics will stay in the precursor and
form amorphous structures with a metal oxide or change the local condition for the phase formation.
Unfortunately, this amorphous structure can’t be detected by XRD or observed from SEM images which
leads to the neglection. Based on our experiments, the residual organics not only increased the phase
formation temperature but also damaged the phase stability of the synthesized materials.

3.1.3 Phase Formation (Step 3)
The phase formation temperature was significantly influenced by the purity of the precursor. For SF1.5M
precursors with and without organic residues, phase formation temperature and the phase stability of the
synthesized materials were compared. The sample without organic elimination process was labeled as
sample 1 and the sample with thorough organic elimination process was labeled as sample 2. For each
sample, several calcining temperatures were conducted on precursor that from the same batch. All samples
were characterized by XRD and SEM after synthesis and reduction.
Pure perovskite structure was obtained from both samples (Figure 20). Compared with sample 2, however,
sample 1 exhibited a higher phase formation temperature as well as a larger particle size (Figure 21a and
c). Specifically, the organic residues in precursor increased the phase formation temperature from 1050 oC
to 1200 oC. For a big batch or a small crucible, the oxygen could be insufficient at the bottom to make all
organics transfer to CO2, even at a high temperature. In that case, organic residues could form a composite
with a metal oxide or may coat on oxide to prevent the incorporation with particles nearby. Since no extra
peak was detected by XRD and no secondary phase can be observed from SEM images (Figure 21a), it is
conjectured that organic residues could exist as the amorphous carbon.
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Figure 20. XRD patterns of SF1.5M calcined in air at different temperatures: (a) precursor with organics residues, (b) precursor
without organics residues. SF1.5M standard pattern (98-009-6233 from COD) are provided in figures.

Besides the phase formation temperature, the phase stability behavior of the two samples was also different
in a reducing atmosphere. SF1.5M has been verified as a very stable perovskite material in both oxidation
and reducing atmosphere108, 138, but sample 1 showed poor stability in H2. As displayed in Figure 22a, two
obvious new peaks at about 45o appeared after 1h reduction and a big left shoulder emerged on the main
peak (at about 32o), which strongly demonstrated a phase change in the reducing atmosphere.
Correspondingly, the morphology of SF1.5M powders exhibited a significant change after reduction
(Figure 21a-b). Compared with sample 1, the XRD patterns verified the high stability of sample 2 in
hydrogen and the SEM images suggested the good microstructure maintenance.
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Figure 21. SEM images of SF1.5M powders as synthesized and after reduction. (a-b) Without organics elimination and (c-d) with
thorough organic elimination. (a) Synthesized in the air at 1200 oC for 5 h, (b) reduced in H2 at 800 oC for 1h, (c) synthesized in
the air at 1050 oC for 4h, (d) reduced in H2 at 800 oC for 5h.

Figure 22. XRD patterns of SF1.5M reduced in H2 at 800 oC (a) without organics elimination, (b) with thorough organic elimination.
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Similar synthesis routines with a thorough organic residues elimination process were applied to all materials
in this work. Sr2FeMoO6-δ (SFM) and Pr0.5Sr1.5Fe1.5Mo0.5O6-δ (PSFM) were calcined in 5%H2, SF1.5M,
Sr2Fe1.5 □

0.1Mo0.4O6-δ

and Sr2Fe1.9-xCo0.1MoxO6-δ (x=0.3-0.5, SFCM) were obtained in air,

La0.5Sr1.5Fe1.5Mo0.5O6-δ (LSFM) was obtained in N2.

3.2 Sample Fabrication
3.2.1 Bar Sample Fabrication
Cuboid bar samples were fabricated for dilatometry and four-point DC electrical conductivity
measurements. After mixing LSFM with 3 wt% polyvinyl butyral (PVB, Alfa Aesar) uniformly, the
mixtures were pressed into pellets (diameter was 31 mm) and sintered at 1250 oC for 4 h in N2. Bar samples
were cut from the sintered pellets with a diamond saw blade and polished with sandpaper to achieve a
cuboid shape and smooth surfaces. The length of the bar sample after treatment was about 2 cm.
Before cutting, the porosity of the sintered pellet was measured with Archimedes' Principle. First, the
weight of dry pellet in the air was measured with analytical balance (A&D GH-202) and the average value
was noted as M1. Second, immersed the pellet in water in a beaker and put the beaker in a vacuum chamber
for several minutes to eject air in the pellet. The weight of saturated pellet was measured again in water and
the average weight was noted as M2. The real volume of the pellet can be calculated as 𝑉 =

𝑀1 −𝑀2
.
𝜌𝑤𝑎𝑡𝑒𝑟

Here,

ρwater = 1 g cm-3 is the density of water. Also, the theoretical volume of the pellet can be obtained as V0 =
πr2h. Here, r is the radius and h is the thickness of the pellet. Hence, the porosity (ϕ) of the pellet can be
written as:

 = (1 −

V
) 100%
V0

After sintering, the porosity of all samples was equal to or less than 5%.
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(18)

3.2.2 Symmetrical Cell Fabrication
In this work, symmetrical cells with an LSGM electrolyte were fabricated by the screen-printing method.
LSGM pellets (diameter is 16 mm) were sintered at 1400 oC in the air for 4 h. The diameter of the sintered
electrolyte discs was about 13 mm. Electrode slurry was screen-printed on both sides of the electrolyte
symmetrically with an active area of 0.7 cm2, followed by sintering at 1150 oC in the air (for SF1.5M) or
argon (for LSFM) for 2 h to achieve a good interface connection and a porous electrode (Figure 23). Silver
current collectors with gold leads were applied on both sides of the symmetrical cells.

Figure 23. (a) and (b) Cross-section SEM images of LSGM/LSFM interface after sintering at 1150 oC for 2 h in N2.

3.2.3 Single Cell Fabrication

Figure 24. Cross section of LSCF/LSGM/LSFM single cell.
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((La0.6Sr0.4)0.95Co0.2Fe0.8O3-δ, fuelcellmaterials) cathode paste and LSFM anode paste were printed on dense
LSGM (about 130 μm thick, Figure 24) by the screen-printing method. The active area of cathode and
anode were 0.3 cm2 and 0.7 cm2, respectively. After electrode printing, the cell was sintered at 1150 oC in
N2 for 2 h. The thickness of the porous electrodes was about 20 μm (Figure 24). Silver current collectors
and gold leads were applied on both sides of the cell.

3.3 Material Structure Characterization
3.3.1 XRD, SEM, TEM and EDS
Composition of the synthesized powders was characterized by X-ray Diffraction (XRD, PANalytical X'pert
PRO) with Cu Kα radiation. Scanning Electron Microscopy (SEM, JEOL JSM-7600F), Transmission
Electron Microscopy (TEM) and Energy Dispersive X-Ray Spectroscopy (EDS) were utilized separately
or together to observe the microstructure and elements distribution of the powders and cells.

3.3.2 Rietveld Refinement of XRD Results
The Rietveld refinement of the LSFM crystal structure was performed with software TOPAS Academic v6.
The instrument profile and detector zero were obtained from the refinement of an external silicon standard.
The background was modeled using a fifth order polynomial function, the peak shape was modeled using
the modified Thompson-Cox-Hastings pseudo-Voigt function139. The peak broadening was modeled by
crystallite size function. The initial structural model was from the Crystallography Open Database (COD),
#96-154-2033140. The site occupancies of the elements (La, Sr, Fe, Mn) were from the nominal chemical
composition.

3.3.3 Synchrotron X-ray diffraction and Rietveld Refinement
The powder X-ray diffraction pattern of the totally reduced LSFM sample (in H2 at 1200 oC for 2 h) was
collected at the powder diffraction beamline at the Australian Synchrotron 141, using an X-ray wavelength
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of λ=0.590746 Å. The powdered sample was loaded in a glass capillary (0.3 mm outer diameter and 0.01
mm wall thickness) and measured under the Debye-Scherrer geometry with a high-resolution position
sensitive Mythen detector. Fast spin (60 rpm) of the capillary was maintained during data collection in order
to minimize possible preferred orientation effects and to improve particle statistics.
Rietveld refinement was carried out using software TOPAS Academic v6. The background was modeled
using a ninth-order polynomial function. The wavelength, instrument profile, and detector zero were
obtained from the refinement of a LaB6 standard (NIST SRM 660b). User-defined empirical functions
considering both Gaussian and Lorentzian contributions were used to fit the instrumental profile. The peak
broadening of the phases was modeled by the crystallite size function. The initial structural models were
from the Crystallography Open Database (COD), #96-100-8054 for the Ruddlesden-Popper (RP) phase142,
and #96-110-0109 for the Fe-Mo alloy phase. For the RP phase, the site occupancies of Sr, La, Fe, and Mo
were refined considering the total occupancy as 1.0 for Sr and La (Wyckoff position: 4e), and Fe and Mo
(Wyckoff position: 2a). Site occupancies of the O sites were fixed to 1.0. For the Fe-Mo alloy phase, the
site occupancies of Fe and Mo were refined considering their total as 1.0. Once good refinement was
achieved, as indicated by low values of the weighted-profile R-value (Rwp) and goodness of fit (χ2)143, the
percentages of the involved crystalline phases were calculated by144,
Wp=(SZMV)p/Σi(SZMV)i
where Wp is the relative weight percentage of phase p, S the scale factor, Z the number of formula units per
unit cell, M the molecular weight of the formula unit, and V the volume of the unit cell. i represents each
phase in the mixture.

3.3.4 XPS
X-ray Photoelectron Spectroscopy (XPS) was applied to analyze the elemental composition and valence
states on the surface. As a very surface sensitive characterization method, the detection depth of XPS is
about 10 nm.
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3.3.5 Dilatometry Test
The expansion behavior of materials at high temperature was characterized by a simple push rod type
dilatometer (Netzsch DIL 402C, push rod type). The sample was heated in the air from room temperature
to 800 oC at a rate of 3 oC min-1, followed by two 5%H2-air redox cycles with each cycle lasting for 10 h.
A cooling rate of 3 oC min-1 was used as the sample cooled in air.

3.4 Electrical and Electrochemical Characterization
3.4.1 Four-point DC Method Conductivity Measurement
The electrical conductivity was measured by four-point DC method at 800 oC for two to three 5%H2-air
redox cycles. The soaking time for each atmosphere was 6~8 h until the conductivity value was stable. Gold
leads were fixed on the sample by silver paste.

3.4.2 Electrical Conductivity Relaxation (ECR)
The ECR measurement was carried out on bar sample by four-point DC method at 800 oC over the PO2 from
1.7×10-18 (humidified 1%H2-99%N2) to 4.3×10-21 (humidified 20%H2-80%N2). ECR in the dry reducing
atmosphere was also investigated as needed. For all conditions with humidified gas, PO2 change follow the
rule ΔlogPO2≤0.6. The total flow rate of mixed gas was fixed at 100 sccm. The measured surface exchange
coefficient (kex) and chemical diffusion coefficient (Dchem) were written as a function of equilibrium state
PO2. The schematic structure of the home-made ECR chamber is presented in Figure 25. The chamber
consisted of a 10 cm length quartz tube with 1 cm inner diameter, intake tube, and exit tube. Mica (orange
parts in Figure 25) was applied for chamber sealing. To avoid temperature and pressure disturbing near the
gas inlet point (right side), the sample was kept at the left side of the chamber. The collected ECR curves
were fitted by MATLAB with equation145:
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2
   2 L2 exp −  2 D
 (t ) −  ( 0)
(

m chem t / x )
= 1 − 
 (  ) −  ( 0)
 m2 (  m2 + L2 + L )
m =1 n =1 p =1

2 L2 exp ( − n2 Dchemt / y 2 ) 2 L2 exp ( − p2 Dchemt / z 2 )


 n2 ( n2 + L2 + L )
 p2 (  p2 + L2 + L )

(19)

Figure 25. Schematic structure of home-made ECR chamber.

Before testing on LSFM, calibration of the whole ECR system was made with (La0.6Sr0.4)0.95Co0.2Fe0.8O3δ

(LSCF) dense bar sample to ensure the accuracy and reliability of the ECR test. In order to investigate the

relationship between chamber length and flush time, two lengths of test chamber were evaluated with the
same LSCF sample, one is 3 cm (Figure 26a) and the other is 10 cm (Figure 26b). The inner diameter for
both chambers was 1 cm. The total flow rate of mixed gas was fixed at 100 sccm and the gas was switched
from 0.05 to 0.06 atm of O2 for all tests. According to den Otter’s work146, flush time (τf) is the characteristic
time needed for new gas to flush the reactor chamber, a less flush time is the requirement for more accurate
fitting. This parameter can be written as:

f =

Vr TSTP

v,tot Tr

(20)

In this equation, Φν,tot is the flow rate of gas, Vr and Tr represent the reactor volume and temperature,
respectively, TSTP denotes the room temperature.
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Figure 26. Schematic structure of ECR holder with (a) 3 cm chamber, (b) 10 cm chamber. (c) Normalized ECR data of LSCF
measured with different chamber lengths at different temperatures. P O2 was switched from 0.05 to 0.06 atm for all tests in (c).

When other parameters are constant, a shorter chamber or in other words, a smaller Vr, means a less flush
time. At 800 oC, however, the equilibrium process was much slower in the 3 cm chamber and both D chem
and kex were reduced. This relaxation process was affected by either too fast gas flow on the surface or
lower gas temperature. To demonstrate this assumption, the same sample was tested again in 10 cm chamber
from 650 to 800 oC with the same PO2 change. From fitting data listed in Figure 26c, the Dchem value got in
3 cm chamber was a little bit lower than that tested at 800 oC in 10 cm chamber (marked as red in Figure
26c), however the kex value got in 3 cm chamber was about one order magnitude lower than that tested at
800 oC in 10 cm but more close to the value obtained at 650 oC (marked as blue in Figure 26c). This result
indicated that the slow equilibrium process in the shorter chamber was influenced by both surface and bulk
factors. A lower sample temperature slowed down the bulk diffusion and an ultra-fast flow rate near gas
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inlet point (right side) was more likely to clean all gas molecules attached on the surface rather than supply
molecules for reaction with sample thus suppressed the oxygen exchange on the surface and lower the
equilibrium process. To avoid the temperature and pressure disturbing near the gas inlet point, the 10 cm
chamber was applied on all ECR tests in this work and samples were kept at the left side of the chamber,
as shown in Figure 26b. The flush time was about 1-2 seconds without bubbler or 3-5 seconds when
included bubbler into the system. The Dchem and kex value of LSCF tested at 800 oC in 10 cm chamber are
in the same order with reported values147.

3.4.3 Electrochemical Impedance Spectroscopy (EIS)
Electrochemical Impedance Spectroscopy (EIS) was carried out on symmetrical cells at open circuit
condition over 105 to 10-2 Hz frequency range with 10 mV perturbation. All electrochemical experiments
were performed using an AUTOLAB PGSTAT302N potentiostat/galvanostat (Metrohm, Netherlands)
controlled by NOVA 1.11 software. Zview software was used for impedance spectra analysis and fitting.
For the symmetrical cell, the area specific resistance (ASR) can be calculated as:

ASR =

1
( R p,m  A )
2

Where, Rp,m is the polarization resistance measured from the raw EIS data, A is the active region area of
one side, the unit of the ASR is Ω cm2. For the EIS fitting, inductance (L) is involved into the equivalent
circuit to mimic a more realistic electrochemical process. This inductance is subtracted in the following
data discussion. In the experiments for in-situ exsolution investigation, cells were heated up to 800 oC in
N2 and switched to H2 when the temperature was stable. Then impedance spectrums were recorded every
30 min. For other experiments, prereduction in humidified H2 at 800 oC for 3 h was carried out before
electrochemical tests. At each target temperature, the cell was soaked for 30 to 60 min before measurement
to ensure a steady state of cells.
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3.4.4 Distribution of Relaxation Time (DRT)
The MATLAB program code applied for DRT analysis was developed by Ciucci148 based on the Tikhonov
regularization method. The regularization parameter was 1×10-3 for all ERT analysis.

3.4.5 Single Cell Test
For the single cell test, 97%H2-3%H2O as fuel flowed on the anode side and air as the oxidant flowed on
the cathode side. The flow rates on both sides were 100 sccm. Current-Voltage (I-V) curves were recorded
at 700 oC, 750 oC, and 800 oC, respectively.

3.5 DFT Computational Model and Methods
Spin-polarized DFT calculations are performed with the Vienna Ab-initio Simulation Package149-150 using
the Perdew–Burke–Ernzerhof (PBE) exchange-correlation functional151-152, the Projector Augmented Wave
(PAW) method153. To correct for the self-interaction error inherent to standard DFT for describing the
energetics of transition metal perovskites, an on-site Hubbard term U−J equal to 4.0 eV is applied to the
open-shell d electrons of Fe134, 154-155, whereas no U−J parameter is applied to the d shell of Mo134, 155. Bulk
SF1.5M calculations are performed using 40-atom pseudocubic supercells with coordinates of atoms taken
from those of the low-temperature phases as initial atomic positions for relaxation, in order to restore
rotation and distortion of transition-metal-oxygen octahedra in the adopted supercells154-155. To provide a
magnetic environment more similar to the application relevant high-temperature paramagnetic state than
the antiferromagnetic ground state,154 all calculations were performed in the ferromagnetic state in order to
use a consistent and tractable set of magnetic structures.
The (001) surfaces are simulated using the 9-layer 2×2 symmetric (001) BO2 terminated slabs (containing
92 atoms for the perfect BO2 slabs with no O vacancies) based on the relaxed bulk structure156-157. To reduce
the complexity of surface adsorption configurations at the presence of surface O vacancy for highlighting
the slab nonstoichiometry effect (Fermi level shift at various δ), O vacancies are placed in the slab layers
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below the BO2 termination to maintain the surface configuration during HOR. The top surface layer O
vacancies are formed either in the intermediate and final states of the HOR or in the dry surface model with
a pre-existed surface O vacancy for comparison with the hydrated surface model. More details of the DFT
methods, the ab initio thermodynamic approaches154, as well as slab model configurations for the various
oxygen nonstoichiometry, cation arrangement, and surface configurations of the intermediate states in the
HOR energy landscapes, are provided in the Supporting Information.
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Chapter 4 Modification Strategy and Performance of
SFM-Based Materials
As the widely used anode material in Solid-Oxide Fuel Cells, Ni-YSZ possesses: (1) attractive catalytic
activity for hydrogen oxidation reaction37; (2) good electronic and ionic conductivity (around 102-103 S cm1

at 600-1000 oC in H2) 38-39; (3) lower cost than platinum (Pt), praseodymium (Pr) and other precious metals.

However, the nature of Ni displays some drawbacks which are very difficult to overcome. First, the volume
expansion of the oxidation from Ni (6.589 cm3 mol-1) to NiO (11.198 cm3 mol-1) is about 70%56; this gives
rise to extra mechanical stress leading to cracks and fuel leakage and finally causing damage to the entire
stack. Second, severe carbon deposition and sulfur poisoning on Ni are responsible for the rapid
performance decay when hydrocarbon fuels are applied as fuel gas12-13, 47. Therefore, Ni-free materials,
especially perovskite structure materials, which reveal smaller volume change, higher resistance to carbon
deposition and good catalytic activity, have been researched in recent years as potential anode candidates.
Many deeply investigated perovskites are derived from Sr2MgMoO6−δ which proposed by Goodenough et
al.73, 100. Based on this material, single valent cation Mg2+ is partially or totally replaced with multivalent
cation Fe2+/3+ in order to create redox couple Fe2+ + Mo6+ ↔ Fe3+ + Mo5+. More electronic carriers, as well
as oxygen vacancies, are generated from this replacement and a novel electrochemical performance is
expected75, 109, 158.
In this chapter, Sr2FeMoO6-δ (SFM) and related compositions will be discussed. To develop new Ni-free
materials with good redox reversibility, proper CTE and decent electrochemical performances, different
modification strategies are applied on SFM. Along with physical and electrochemical performance, the
influence of different elements doping will also be investigated.
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4.1 Doping Strategy
The promising performance of SFM has been published by Wang105. The maximum power density of
SFM/LSGM/BSCF single cell reached 863.7 mW cm−2 with H2 and 604.8 mW cm−2 with dry CH4 at
850 °C. Although SFM shows high conductivity and great power density in H2, its terrible stability in the
air is unacceptable (Figure 12b). By the determination of Fe and Mo valence states and the oxygen
stoichiometry in SFM, Rager108 claimed that the phase stable composition in the air with a maximum Mo
solubility is Sr2Fe1.34Mo0.68O6-δ and this conclusion was confirmed with the experiment by Wang’s group107.
With proper composition adjustment, Sr2Fe1.5Mo0.5O6 (SF1.5M) was developed by Liu et al.

109

and has

been verified as a stable material in both air and H2. The maximum power density of symmetrical cell
SF1.5M/LSGM/SF1.5M reaches 835 mW cm-2 in wet H2 and 230 mW cm-2 in CH4 at 900 oC.
Based on this composition, a further investigation of CTE and redox reversibility was carried out with
different elements doping. The first effort was Co doping on B site and the second effort was La doping on
A site. The main purpose of Co doping was to improve the catalytic effect on the electrode surface and to
induce some in-situ metal NP exsolution. Unfortunately, the phase stability of SF1.5M in H2 was ruined by
light B-site Co doping. Though the electrical conductivity was improved in the air with Co-doping, the low
electrical conductivity and poor phase stability in H2 prevented the application of Co-doped compositions
as anode materials.
The second effort was devoted to improving the crystal stability in the fuel cell’s operation conditions. We
hypothesize that the thermal and chemical expansion behaviors may be influenced by metal-oxygen (M-O)
bond strength in the perovskite crystal structure. Increasing the bond strength of M-O bond can probably
stabilize the crystal lattice and reduce the expansion. Though no work has been done to demonstrate this
hypothesis, similar idea and phenomenon have been mentioned in the literature. Forbess et al. discussed
the effect of M-O bond strength on the transition temperature and the activation energy of La-doped material
Sr1-xLaxBi2Nb2O9159. Due to the larger bond strength of La-O bond (799 ± 4 KJ mol-1 at RT) than Sr-O
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bond (425.5 ± 16.7 KJ mol-1 at RT), the substitution of La3+ into Sr2+ sites enhanced the stability of the
crystal structure. In addition, Y.S. Chou et al.160 investigated the mechanical and thermal properties of La1xSrxCr0.2Fe0.8O3

(x=0.2 to 0.8) as a cathode. According to Chou’s work, the CTE increase with Sr content,

or in other words, CTE is decreased by a higher La content, the average CTE values are listed in Table 2.
Also, La was introduced in Sr2MgMoO6-δ by Goodenough et al. and achieved a good performance in natural
gas101. Therefore, we envisage that the modification of A-site metal elements by substituting partial Sr with
La in the perovskite structure may improve the resistance of the material to environment-induced thermal
and chemical expansions.
Table 2. Average CTE of sintered La1-xSrxCr0.2Fe0.8O3 ceramics.160

Composition

La0.8Sr0.2Cr0.2Fe0.8O3

La0.6Sr0.4Cr0.2Fe0.8O3

La0.4Sr0.6Cr0.2Fe0.8O3

La0.2Sr0.8Cr0.2Fe0.8O3

Average CTE
(10-6 K-1)

Temperature range
(oC)

9.43

RT to ~300

12.0

~300 to 1100

12.3

RT to ~690

17.0

~690 to 1100

12.9

RT to ~560

22.2

~560 to 1100

13.9

RT to ~715

33.6

~715 to ~850

17.9

~850 to 1100

In ABO3 perovskite structure, the average B-site valence state is four in case of an A2+ cation and for B’B’’
combination it could be B’+4/B’’+4, B’+3/B’’+5, B’+2/B’’+6 and B’+1/B’’+7. When A cation is trivalent, such
as La3+, the average B-site valence state become three and the combination groups are B’+3/B’’+3, B’+2/B’’+4
and B’+1/B’’+5, thus cations with oxidation states 6+, such as Mo6+ in SFM system have to be excluded.
Consideration of the balance between La3+ and Mo5+/6+ and the equivalent valence of cations and anions,
La0.5Sr1.5Fe1.5Mo0.5O6-δ (LSFM) is chosen as the optimal composition in this paper. All electrical and
electrochemical performances are based on this formula.
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In the following sections, phase redox stability, expansion behavior and conductivity properties of
candidates were investigated, and results were listed in Table 3. Depends on remarkable properties, LSFM
is chosen as the optimum candidate and is further investigated in the following chapters.
Table 3. Stability, reversibility, conductivity and CTE data of candidates.

4.2 Phase Formation and Stability
4.2.1 Phase Stability of SF1.5M
In order to achieve good redox reversibility, the phase stability in both oxidizing and reducing atmosphere
is critical. First, the phase stability of SFM, SF1.5M, SFCM, and LSFM was investigated. Among four
candidates, SF1.5M and LSFM exhibited credible phase stability in H2 and air at high temperature. As
discussed in section 3.1.3, SF1.5M is a good candidate as both cathode and anode108, 138. The XRD patterns
and SEM images of SF1.5M before and after reduction can be found from Figure 22b and Figure 21c-d.

4.2.2 Phase Formation and Stability of LSFM
The calcination condition of the LSFM was investigated and the obtained phases were characterized by
XRD. Figure 27a displayed the XRD patterns of LSFM calcined in air, 5%H2-95%N2 and N2, respectively.
Pure LSFM with perovskite structure is obtained in N2 (Figure 27a and Figure 28). According to Rietveld
refinement (Figure 27b and Table 4), the as-prepared pure LSFM shows a cubic structure (Pm-3m space
group) with a=b=c=3.93584(2) Å and α=β=γ=90o (Rwp=4.61%, χ2=1.56, Rp=3.38%). In 5%H2-95%N2, the
synthesized material is far from the perovskite structure. According to the XRD data analysis, the calcined
powder is composed of pure metal iron (Fe, JCPDS No. 06-0696) and several kinds of metal oxides such
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as LaSrFeO4 (JCPDS No. 71-1745), Sr3Fe2O6 (JCPDS No. 82-0426) and SrMoO3 (JCPDS No. 81-0640),
as marked in Figure 27a. The crystal structure of the powder calcined in air showed more similarity to a
cubic perovskite structure except for several impurity peaks corresponding to SrMoO 4 (JCPDS No. 080482) and LaFeO3 (JCPDS No. 75-0541).

Figure 27. (a) XRD patterns of LSFM calcined in 5%H2, air, and N2, respectively. (b) XRD pattern with Rietveld refinement result
of LSFM calcined in N2. Crystal structure of LSFM is shown in the inset.
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Figure 28. (a) XRD pattern of LSFM synthesized in N2. (b) XRD main peak at 32o. (c) XRD main peak at 46o.
Table 4. The final refined structure parameters.

Atom

x

y

z

Occupancy

B (Å2)

La (1b)

0.5

0.5

0.5

0.25

0.728

Sr (1b)

0.5

0.5

0.5

0.75

0.728

Fe (1a)

0

0

0

0.75

0.508

Mo (1a)

0

0

0

0.25

0.508

O (3d)

0.5

0

0

1.00

1.834

According to the literature75, 161, SF1.5M pure phase is usually obtained in air. The difference of synthesis
atmospheres between LSFM and SF1.5M probably come from the different valence states of La3+ and Sr2+.
The reaction between oxygen gas and defects in LSFM can be expressed as:
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1
O2 ( g ) + VO + 2M M  = OO + 2M M
2

(21)

′
×
Here, M presents B-site cations Fe and Mo. 𝑀𝑀
corresponds to Fe2+ and Mo5+, 𝑀𝑀
corresponds to Fe3+ and

Mo6+. When partially replacing divalent cation Sr2+ by trivalent cation La3+, oxygen vacancy concentration
decreases to maintain the electrical neutrality. If B-site cations are assumed to be Fe3+/Fe4+ and Mo6+ in air,
the theoretical value of δ become 0 or negative which is unfavorable to perovskite phase formation. Thus,
a lower PO2 environment (such as N2 or Ar) would be preferred to push the Reaction (21) backward and
produce some oxygen vacancies. Nevertheless, a reducing atmosphere (such as 5%H2) would go too far to
reduce cations into metal (such as Fe) and metal oxides which are more stable in a reducing environment.
Based on the XRD results, LSFM synthesized in N2 would be used in the following tests.

Figure 29. XRD patterns of LSFM pure phase following heat treatment at 850 oC for 20 h in air and 5%H2.

Although calcined in N2, the synthesized LSFM exhibited good phase stability in both oxidizing and
reducing atmospheres. Figure 29 shows the XRD patterns of pure LSFM powder before and after heat
treatment at 850 oC for 20 h in air and forming gas, respectively. Compared with the original XRD pattern,
no new peaks are observed for both samples after 20 h heat treatment. This demonstrated good phase
stability of LSFM over a long time in both reducing and oxidizing atmospheres and presented a high
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potential for redox stability. The good phase stability of LSFM is responsible for the high reversibility of
electronic conductivity under multiple redox cycles.
Compared with SF1.5M, an in-situ Fe NPs exsolution was observed in LSFM. This exsolution only occurs
at a high temperature (such as 800 oC) in a high hydrogen partial pressure environment such as dry or
humidified H2. In a low hydrogen partial pressure environment, most Fe cations are stable in the lattice, no
metal Fe can be detected by XRD, as shown in Figure 29. The details of the in-situ Fe exsolution will be
discussed in chapter 5.

4.2.3 Phase Stability of SFM

Figure 30. (a) XRD patterns of SFM as synthesized in 5%H2 and oxidized in air, (b) Dilatometry data of SFM heated up in the air,
inset is the bar sample after dilatometry test.
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As mentioned previously, SFM can only be synthesized and applied in reducing atmosphere. In this work,
pure SFM was obtained in 5%H2-95%N2 forming gas at 1300 oC, as shown in Figure 30a. Unfortunately,
this composition is very unstable in air and will quickly decompose into SrMoO4 and Fe2O3 in the air which
has been proved by XRD (Figure 30a) and dilatometry result (Figure 30b).

4.2.4 Phase Stability of SFCM

Figure 31. (a) XRD patterns of Sr2Fe1.5Co0.1Mo0.4O6-δ (SFCM) as synthesized and reduced in H2, (b) SEM image of SFCM as
synthesized, (c) SEM image of SFCM reduced in H2.

Another unstable composition is Co doped SFCM. Perovskite SFCM was successfully synthesized in air
and presented great stability in air. However, after reducing in H2 at 800 oC for several hours, a large-scale
phase transition from perovskite (Sr2Fe1.5Co0.1Mo0.4O6-δ) to Ruddlesden-Popper (RP) phase (Sr3FeMoO6.5)
and Fe-Co alloy was detected by XRD (Figure 31a). SEM images in Figure 31b-c suggest that there is an
obvious morphology change together with this phase transition during the reduction process. In Figure 31b
the synthesized SFCM powders present small and uniform particles, the grain size is about 200-300 nm and
grain boundaries can be observed clearly. After reduction, all grain boundaries disappeared, only a big
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chunk with the irregular shape and rough surface can be observed from Figure 31c. Similar phase transitions
are

reported

on

anode

materials

Pr0.4Sr0.6Co0.2Fe0.7Ni0.1O3-δ162,

Sr2FeMo0.65Ni0.35O6-δ163

and

La0.6Sr0.4Fe0.8Ni0.2O3-δ116. Though the decent electrochemical performance and the good sulfur tolerance are
reported on some of these materials, it is difficult to achieve good redox reversibility with the large-scale
phase transition.

4.3 Thermal and Chemical Expansion Behavior
Except for SFM, thermal expansion and chemical expansion behaviors of other three compositions (SF1.5M,
SFCM, and LSFM) as well as similar materials with different Fe:Mo ratios were analyzed by dilatometry
method. In this test, dense bar samples were heated up to and stabilized at 800 oC in the air followed by two
redox cycles. For each redox cycle, gas switched from air to 5% H2 and then switched back to air. In each
atmosphere, the sample was soaked for 5 h. After two redox cycles, the testing system was cooled down to
the room temperature (RT) in air. In Figure 32, graphs were plotted with the same y-axis range to compare
the CTE directly. Red horizontal lines marked the expansion of materials at 800 oC in the air before and
after each redox cycle. Average CTE from RT to 800 oC of SF1.5M, SFCM, and LSFM were 17.12×10-6
K-1, 20.39×10-6 K-1, and 15.01×10-6 K-1, respectively.

Figure 32. Dilatometry results of (a) SF1.5M, (b) SFCM and (c) LSFM from RT to 800 oC in air and two redox cycles in air and
5% H2.

52

Compared with SF1.5M in Figure 32a, the thermal expansion behavior was accelerated by Co (Figure 32b)
but depressed by La (Figure 32c). As mentioned before, the different CTE may relate to the different metaloxygen (M-O) bond strength between Fe-O, Mo-O, and Co-O as well as Sr-O and La-O. In order to further
verify this hypothesis, CTE of some similar compositions was measured and listed in Table 5. For Sr-FeMo compositions set (Fe1.4Mo0.6, Fe1.5Mo0.5 and Fe1.6Mo0.4) and Sr-Fe-Co-Mo compositions set
(Fe1.4Co0.1Mo0.5, Fe1.5Co0.1Mo0.4 and Fe1.6Co0.1Mo0.3), CTE showed a downtrend with Mo content increment.
This trend suggested a stronger Mo-O bond strength than the Fe-O bond (Mo-O > Fe-O) in the crystal
structure. This conclusion was also verified in the literature155, 164-165. In order to analyze the bond strength
between Mo-O and Co-O, compositions with the same Fe content were put together, as shown in “Co
replace Mo” columns in Table 5. The higher CTE of Co-containing samples in all three sets revealed a
stronger Mo-O bond strength than the Co-O bond (Mo-O > Co-O). Similarly, for the bond strength between
Fe-O and Co-O, compositions with the same Mo content were put together, as shown in “Co replace Fe”
column in Table 5. As CTE values of Co-containing samples were always bigger, we can draw the
conclusion that the Fe-O bond possessed a stronger strength than Co-O bond (Fe-O > Co-O). In summary,
for B-site cations the M-O bond strength followed the relationship: Mo-O > Fe-O > Co-O.
Table 5. Effect of Co on CTE change in Sr2Fe1+xMo1-xO6-δ (x=0.4-0.6)

CTE

Co replace Mo

Co replace Fe

Fe1.4Mo0.6

Fe1.5Mo0.5

Fe1.6Mo0.4

Fe1.5Mo0.5

Fe1.6Mo0.4

16.10

17.12

19.85

17.12

19.85

Fe1.4Co0.1Mo0.5

Fe1.5Co0.1Mo0.4

Fe1.6Co0.1Mo0.3

Fe1.4Co0.1Mo0.5

Fe1.5Co0.1Mo0.4

18.06

20.39

21.08

18.06

20.39

Without Co

With Co

Compared with the original Sr-O bond, La introduced a stronger M-O bond into the structure. LaxSr2xFe1.5Mo0.5O6-δ

compositions with different La contents (x=0, 0.5 and 1) were synthesized and evaluated by

the dilatometry method. With the increase of La content, the CTE decreased from 17.12×10-6 K-1 (in
SF1.5M) to 13.28×10-6 K-1 (in La1SFM), as shown in Figure 33. When 1/2 of the strontium is replaced, this
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value dropped to 13.3×10-6 K-1 (LaSrFe1.5Mo0.5O6-δ) which is very close to that reported for LSGM (1012×10-6 K-1 95-97). Based on this experimental result, La provided an obvious limitation to the thermal
expansion (Figure 34).

Figure 33. Effect of La on thermal expansion behavior.

Figure 34. Thermal expansion and chemical expansion behavior of LSFM (green line) and SF1.5M (purple line). Crystal structure
of the two materials can be found from inset.

On the other hand, with lanthanum doping the lattice stability in a redox environment is also improved.
Figure 35a-b shows the dilatometry behavior of LSFM and SF1.5M during redox cycling. Compared with
SF1.5M, LSFM presents smaller volume change under redox environment and better reversibility during
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two redox cycles. For SF1.5M, the volume in the air before and after redox cycles is a clear ladder shape.
After each expansion-contraction cycle, some volume expansion remains which can be easily observed in
Figure 35b. In contrast, the lanthanum doped sample shows no expansion remnant (Figure 35a). This
excellent chemical expansion reversibility benefits from the high structural stability and good phase
stability of LSFM (Figure 34).

Figure 35. Dilatometry behavior of (a) LSFM and (b) SF1.5M from room temperature to 800 oC in the air followed by two redox
cycles at 800 oC.

Moreover, different chemical expansion behaviors of LSFM and SF1.5M in 5% H2 are noticed. LSFM
exhibits milder chemical expansion and slight contraction when soaked in 5% H2, while SF1.5M presents
bigger chemical expansion and extra expansion in 5%H2. Chemical expansion is the result of two competing
processes, lattice contraction around oxygen vacancies and lattice expansion from the increase of cation
radius. In general, the quantity of cation radius increment is much larger and leading to a net expansion 166.
For perovskite structure, subtle symmetry changes during expansion167 and the degree of electronic charge
localization will also contribute to the chemical expansion behavior.
Compared with SF1.5M, more B-site cations in LSFM would be reduced to a lower valence state after
switching the gas from air to 5% H2 (from A to B in Figure 35). As the cation radius increment dominates
the expansion behavior, a bigger chemical expansion in LSFM is expected. However, a milder chemical
expansion is observed from our dilatometry test. Specifically, the volume expansion in SF1.5M from A to
B is 0.2216% (as shown in Figure 35b). This value increased to 0.2409% (from A to C) after reduction for
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5 h. For LSFM (as shown in Figure 35a), the volume change from A to B is 0.1706% which is smaller than
SF1.5M. After 5 h reduction, this value dropped to 0.1062% (from A to C). Based on this experimental
phenomenon, a stronger M-O bond probably also contribute to a smaller chemical expansion (from A to B)
and stronger maintenance respect to the original structure (point A) (Figure 34). Considering the different
radius of La3+ and Sr2+, the smaller La3+ (117.2 pm) can make more space for octahedral tilting and structure
distortion than Sr2+ (132 pm). Thus, it is more likely for La-doped compositions to perform a structure
contraction during relaxation (From B to C). This conclusion is consistent with our experimental
observations on La-doped compositions (La0.5Sr1.5Fe1.5Mo0.5O6-δ and LaSrFe1.5Mo0.5O6-δ). Both samples
exhibited similar volume contraction behavior in reducing atmosphere (Figure 36).

Figure 36. Dilatometry behavior of (a) LSFM and (b) LaSrFe1.5Mo0.5O6-δ from room temperature to 800 oC in the air followed by
two redox cycles at 800 oC.

In the macroscopic view, the appropriate thermal expansion and mild chemical expansion of LSFM can
help to avoid the poor internal connections and micro-cracks in stacks and maintain the electrical and
electrochemical performance during redox cycling. In that case, the good dilatometry performance may
also contribute to the excellent reversibility of the electrical conductivity.

4.4 Electrical Performance in Redox Cycling
The electrical conductivity of SF1.5M, SFCM, and LSFM and their similar compositions (with different
Fe:Mo ratios) were investigated here under a redox environment. The influence of Fe:Mo ratio, Co or La
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doping on conductivity reversibility are discussed then. Graphs presented in Figure 37a-c suggest that for
Sr2Fe1+xMo1-xO6-δ (x=0.4, 0.5, 0.6): (1) higher conductivities in both air and forming gas corresponds to a
higher Fe content. (2) All compositions exhibit a higher conductivity in the reducing atmosphere. (3) Slight
degradation can be observed from the first to the second redox cycle, especially for conductivity in 5% H2.
The expansion residue shown in Figure 32 would bring some microcracks into the bulk and lead to the
conductivity decay. The conductivities of Co-doped compositions Sr2Fe1+xCo0.1Mo1-x-0.1O6-δ (x=0.4, 0.5, 0.6)
(Figure 37d-f), however, display an opposite trend: (1) with Fe content increase, the conductivity in both
air and 5% H2 falls off. (2) A small amount of Co-doping totally flipped over the relationship of
conductivities between air and 5% H2. More specifically, conductivity is dramatically increased in the air
but limited in H2. This implies the enhancement of Co element to the electrochemical performance in the
oxidation environment which may explain the extensive utilization of Co element in cathode materials168171

. (3) Considerable conductivity drop in the second redox cycle is largely ascribed to the obvious phase

change. As displayed in Figure 31a,c-d, the massive phase transition, and morphology change will lead to
big stress in the dense sample which is the main reason for microcracks. when re-oxidized in air, the
microcracks and insulative metal oxides come from Fe-Co alloy will partially or totally kill the conductivity
performance. It is foreseeable that after several redox cycles the conductivity performance, as well as
electrochemical performance of SFCM, will be destroyed.
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Figure 37. The conductivity of compositions without (a-c) and with (d-f) Co doping in two redox cycles.

By contrast, LSFM possesses a high conductivity in 5%H2 and excellent reversibility under redox cycling.
No degradation is observed in three redox cycles and a slight increase in both air and forming gas can be
clearly seen in Figure 38. In the forming gas, a very similar conductivity value between LSFM and SF1.5M
demonstrates that the conductivity performance in the reducing atmosphere is maintained with La-doping.
In view of the previous conclusion about phase stability, thermal expansion, and chemical expansion, we
have reasons to believe that this outstanding electrical performance because of the positive influence of La
on phase stability, unit cell stability and electrical conductivity in H2. So far, the La-doped composition
satisfied all requirements to a redox stable anode material. In the following sections, we will focus on this
material and further explore the electrochemical performance and HOR mechanism.
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Figure 38. The conductivity of LSFM in three redox cycles.

4.5 Chemical Compatibility of LSFM
Previous literature has reported that Sr2FeMoO6103, 105, Sr2Fe1.5Mo0.5O6109, 138 and other similar compositions
are all utilized with LSGM as the electrolyte. In this work, the chemical compatibility of LSFM with
electrolytes under sintering condition (at 1150 oC in N2 for 2 h) and operation condition (at 800 oC in H2
for 10 h) are verified, respectively. First, mixture pellets were sintered at 1150 oC in nitrogen for 2 h and
XRD patterns after treatment are shown in Figure 39a-c. The XRD pattern reveals that LSFM is very
unstable with YSZ. During the sintering process, LSFM reacts severely with YSZ and decomposes into
several oxides in a short time. The main peak of LSFM which should be at around 32.1 o disappeared after
sintering. Besides YSZ, SrMoO4, SrZrO3, and LaFeO3 are also detected. LSFM shows perfect compatibility
with both GDC and LSGM, as shown in Figure 39b-c. Based on this result, the chemical compatibility of
LSFM with GDC and LSGM at operating condition (800 oC, H2) are further evaluated. Mixture pellets of
LSFM+GDC and LSFM+LSGM were sintered at 800 oC in hydrogen for 10 h. Both GDC and LSGM
exhibit good chemical compatibility with LSFM in hydrogen (Figure 39d-e). These results guarantee a clear
electrode/electrolyte interface as well as a clean LSFM-GDC composite electrode during sintering and
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operation process. Based on the favorable compatibility with LSFM, LSGM will be applied as the
electrolyte without GDC barrier layer.

Figure 39. XRD patterns of (a) LSFM + YSZ, (b) LSFM + GDC, (c) LSFM + LSGM mixtures sintered at 1150 oC in N2 for 2 h
and (d) LSFM+GDC, (e) LSFM+LSGM mixtures sintered at 800 oC in H2 for 10 h.

4.6 Electrochemical Performance of LSFM
4.6.1 Symmetrical Cell Performance
After screen printing and sintering, the thickness of the porous electrode is about 30 μm (Figure 40a). As
reported by Watanabe et al.172 and Xiong et al.173, platinum can dramatically promote a cell’s
electrochemical performance. Specifically, the vaporization of platinum will take place above 600 oC. PtO2,
as vapor species, will be reduced to metal again and redeposit on the electrode surface. During this
vaporization-deposition process, platinum prefers to deposit around the TPBs area and contributes to an
attractive performance due to its excellent catalytic ability. According to Xiong’s work, this vaporizationdeposition phenomenon has been confirmed by the long-term experiments in which the deposition of
platinum around the TPBs is observed by elemental mappings on the cross section of LSF/ScSZ interface.
In order to avoid extra performance promotion from platinum, the silver current collector was applied to all
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cells in this work. The morphology of the silver current collector after sintering at 800 oC is given in Figure
40b. The silver current collector is porous and uniform which leaves enough space for fuel (wet H2) to
saturate the electrode while also allowing the product (H2O) to leave the electrode.

Figure 40. SEM images of (a) the cross section of LSFM/LSGM/LSFM symmetrical cell, (b) the porous Ag current collector.

The polarization resistance (Rp) of anode material in SOFCs is an effective parameter to assess the catalytic
activity on the hydrogen oxidation reaction (HOR). Figure 41a is the Nyquist plot of LSFM/LSGM/LSFM
symmetrical cell from 700 oC to 800 oC in wet H2. An attractive polarization resistance is obtained at 800
C as 0.16 Ω cm2. This performance is prominent compared with that of Sr2Fe1.5Mo0.5O6-δ, Sr1.9MgMoO6-δ

o

and other ceramic anodes published in recent years and also competitive with that of ceramic+SDC
composite anodes, as shown in Table 6. The activation energy (Ea) of LSFM is 1.2 eV (Figure 41b). This
value is comparable with similar ceramic materials, such as Sr2Fe1.5Mo0.5O6-δ (1.07 eV)161, Ba2PrMoO6-δ
(1.09 eV)174, Sr2Mg(Mo0.8Nb0.2)O6-δ (1.16 eV)74, Ba2NdMoO6-δ (1.19 eV)174 and Sr2FeTi0.75Mo0.25O6-δ (1.27
eV)76.
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Figure 41. Symmetrical cell LSFM/LSGM/LSFM tested in wet H2 from 600 to 800 oC: (a) Nyquist plots of impedance from 700
to 800 oC. the ohmic resistance R1 is subtracted from the impedance plot. (b) Arrhenius plot and activation energy. (c) Raw data
and fitting line at 800 oC. The equivalent circuit is shown in the inset. (d) Rchem and Cchem as a function of temperature.
Table 6. Comparison of polarization resistance of ceramic anodes in wet H2.

Material

Rp (Ω cm2)

Temperature (oC)

Ref.

SF1.5M

0.356

800

161

SF1.5M

0.27

800

109

Sr1.9MgMoO6-δ

0.32

800

175

La0.75Sr0.25Cr0.5Mn0.5O3

0.26

900

176

Gd2Ti1.4Mo0.6O7

0.2

950

177

LSFM

0.16

800

This work

YSZ+SF1.5M (infiltration)

0.235

800

107

SF1.5M+20%-50%SDC

0.16

800

161

SF1.5M+SDC

0.15

800

178
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As shown in Figure 41a, the impedance spectroscopy of LSFM symmetrical cell is a half-tear-drop-shaped
impedance which is composed of a diagonal of about 45o at the high-frequency region and followed by a
semi-circle at the low-frequency region. The half-tear-drop-shaped impedance arises from a co-limitation
of surface oxygen exchange and oxygen bulk diffusion in oxygen reduction reaction (ORR) or hydrogen
oxidation reaction (HOR). This phenomenon is first reported based on ORR and then reviewed by Adler179.
When electrode presents a facile solid-state diffusion and the electrochemical process is only limited by the
oxygen exchange at surface, the impedance is composed of several semicircles and can be fitted by
equivalent circuits such as Rs(R1C1)(R2C2). However, if solid-state diffusion is slowed down or surface
oxygen exchange rate is promoted, at some point the electrochemical process will be co-limited by the
surface reaction and the bulk diffusion. In that case, the impedance will transform from a semicircle shape
to a half-tear-drop shape. This co-limitation process can be described as:

Z chem =
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=
=
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fVm
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Where Zchem is the chemical impedance co-limited by surface oxygen exchange and solid-state diffusion.
Rchem is the characteristic resistance from the chemical reaction. tchem is the characteristic time. f is a
thermodynamic factor reflecting the ease with which to change the stoichiometry (δ) in a given change of
PO2. ε is the porosity of the electrode. lδ is the characteristic “utilization” length which indicates the thickness
of the active region in a porous electrode, normally at a range of several micrometers. Vm is the molar
volume of the electrode. Cchem is the chemical capacitance related to the bulk oxidation/reaction of the
material and usually very large. As shown by Kawada et al.180, for a very thin (1.5 μm) La0.6Sr0.4CoO3 −δ
63

mixed-conducting film the chemical capacitance is about 0.1-1 F cm-2. This value is about three orders
larger than the oxygen adsorption and transport dominated pseudocapacitance of Pt (~10-3 F cm-2) and five
orders larger than the interfacial polarization capacitance of the Pt/YSZ interface (10-6-10-5 F cm-2).

Figure 42. Nyquist plot of LSFM symmetrical cell (black dots) and fitting lines obtained in humidified H2 at (a) 800 oC, (b) 750
oC,

(c) 700 oC and (d) 650 oC.

From the view of oxygen diffusion in the bulk and oxygen exchange at surface, HOR is similar to ORR. In
that case, we applied the co-limited theory on the anode. Impedances of LSFM symmetrical cell are fitted
well (Figure 41c) with R1(R2CPE1)Lo1 equivalent circuit (inset in Figure 41c). R1 presents ohmic resistance
from electrolyte resistance and electrode ohmic resistance107 (subtracted from the impedance plot). The
green semicircle (Figure 41c and Figure 42) in the high-frequency region corresponds to the oxygen ion
transfer process at the electrode/electrolyte interface (R2CPE1)181-182. The blue half-tear-drop curve (Figure
41c and Figure 42) in the low-frequency region presents the oxygen bulk diffusion and surface chemical
exchange (gas adsorption, dissociation, and oxygen exchange) co-limited process (Lo1)179, 183-184. Rchem and
Cchem as a function of temperature are plotted in Figure 41d. As expected, Rchem decreases as the temperature
increases, which implies faster surface kinetics at a higher temperature. Chemical capacitance Cchem
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calculated from fitting result is very large (1-1.3 F cm-2) which accords with Kawada’s result.180. From the
proportional relationship between Cchem and lδ (Cchem ∝ lδ) from Eq. (25), the increase of Cchem with
temperature illustrates an expansion of active region in the porous electrode. Furthermore, the size of the
active region is estimated. Calculated from Rietveld refinement, the molar volume Vm of this material is
73.41 cm3 mol-1. According to the literature145, 185-186, the thermodynamic factor f is estimated as 10, and the
porosity of the electrode ε is 0.5. From Eq. (25) the size of the active region lδ is about 4.5 μm at 800 oC
and consistent with the typical values (3-5 μm)179. This value demonstrates that a large portion of the
electrode surface is active for HOR, which indicates some level of ionic conductivity, a good catalytic
activity and a sufficient electrical conductivity of LSFM.

4.6.2 Single Cell Performance
Full cell performance of the LSFM single phase anode was evaluated on an LSGM electrolyte- supported
cell operated in humidified hydrogen from 700 to 800 oC. LSCF single phase was applied as the cathode.
Current-Voltage (I-V) and Current-Power density (I-P) curves are shown in Figure 43. The open circuit
voltages (OCV) are 1.09-1.10 V at operating temperatures. Such high values, which are very close to the
theoretical OCV (1.10 V at 800 oC and 1.12 V at 700 oC in humidified H2)187 calculated from the Nernst
equation, confirm a well-formed dense LSGM electrolyte and good sealing of the cell. The maximum power
density (Pmax) achieved at 700, 750 and 800 oC are 329, 693 and 1156 mW cm-2, respectively. To the best
of our knowledge, this value is higher than cells employing undoped Sr2Fe1.5Mo0.5O6-δ (SF1.5M) single
phase or SF1.5M+GDC/YSZ composite as anodes reported to date and can be comparable to the
performance of many other promising ceramic anodes under similar conditions (Table 7). The high
electrical conductivity and good electrochemical performance are responsible for high power density.

65

Figure 43. Voltage (open symbols) and power density (filled symbols) as a function of current density for an electrolytesupported single cell LSCF/LSGM/LSFM under humidified H2 from 700 oC to 800 oC.

It should be noted that the power density of BSCF/LSGM/SFM single cell in humidified H2 at 800 oC is
about 600 mW cm-2, much lower than LSCF/LSGM/LSFM single cell tested in the same condition. Exclude
any fact in cell fabrication and any difference from the cathode which could affect the cell performance,
the electrochemical performance of LSFM can be approximately considered similar, if not much better than
SFM. Considering the huge difference of conductivity between LSFM (23 S cm-1) and SFM (150 S cm-1),
it seems that conductivity is not that critical to an excellent power density. Maybe influenced by Ni-YSZ
cermet anode which displays the conductivity of about 102-103 S cm-1 in H2, a lot of literature emphasized
the importance of conductivity, especially electrical conductivity, to an anode material50, 188. Also, a lot of
work has been down to improve the conductivity of anode materials, such as LST and related compositions.
Based on our research on LSFM, 10-20 S cm-1 seems to be enough to support a favorable power density.
More efforts should be focused on how to improve the ionic conductivity and catalytic activity of anode
candidates. For an MIEC anode, a proper ionic conductivity and matched surface catalytic activity can
expand the reaction zone from electrolyte/electrode interface to the whole anode surface which would
improve the utilization of anode and achieve a decent cell performance.
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Table 7. The maximum power density of anode materials with wet H2 at 800 oC.

Cathode

Pmax (mW cm-2)

Ref.

La0.6Sr0.4Co0.2Fe0.8O3-δ

291

189

Ba0.5Sr0.5Co0.8Fe0.2O3-δ

520

190

SF1.5M

500

109

SF1.5M

500

191

SF1.5M

530

75

Sr2Fe1.4Ni0.1Mo0.5O6-δ

260

192

SF1.5M+SDC

SF1.5M+SDC

500

193

YSZ+SF1.5M (infiltration)

YSZ+La0.6Sr0.4Fe0.9Sc0.1O3-δ
(infiltration)

462

107

YSZ+SF1.5M (infiltration)

YSZ+SF1.5M (infiltration)

1030

194

Sr2FeMoO6-δ

Ba0.5Sr0.5Co0.8Fe0.2O3−δ

600

105

Material

SF1.5M

Sr2CoMoO6-δ

735
SrCo0.8Fe0.2O3

Sr2NiMoO6-δ

135
500

Sr2NiMoO6-δ

Ba0.5Sr0.5Co0.8Fe0.2O3−δ

595

136

Sr2Fe1.4Ni0.1Mo0.5O6-δ

Sr2Fe1.4Ni0.1Mo0.5O6-δ

530

192

(PrBa)0.95(Fe0.9Nb0.1)2O5+δ

PrBaCo2O5+δ

1050

195

Pr0.5Ba0.5MnO3

NdBa0.5Sr0.5Co1.5Fe0.5O5+δ+
Ce0.9Gd0.1O2−δ

1070

196

LSFM

(La0.6Sr0.4)0.95Co0.2Fe0.8O3-δ

1156

This work

4.7 Summary
In this chapter, four compositions SFM, SF1.5M, SFCM, and LSFM are synthesized and investigated in
order to develop a novel Ni-free ceramic anode material with excellent redox stability and good
electrochemical performance.
In order to qualify a redox-stable material, phase stability in air and forming gas are studied. Except for
SFM, the other three samples exhibit some stability. SF1.5M and LSFM display a good perovskite structure
maintenance during redox cycles. A small amount of Co, however, dominate the phase stability of SFCM

67

in H2 and result in a large-scale phase transition from perovskite to Ruddlesden-Popper phase. Combined
with conductivity results in air and forming gas, element Co indicates an oxygen preference behavior which
means Co prefer to contribute to a better performance in the oxidizing atmosphere rather than the reducing
atmosphere.
Dilatometry technique is applied to examine the thermal expansion and chemical expansion behaviors of
candidates. Except for SFM, all other three materials, and their related compositions exhibit normal
behavior during heat up and subsequent redox cycles. Based on SF1.5M, Co-doped compositions display a
higher CTE while La-doped compositions display a lower CTE. Different Fe:Mo ratio also contributes to
CTE change. By thoughtful discussion, we reach the conclusion that in researched compositions, the M-O
bond strength follows the relationship as Mo-O > Fe-O > Co-O on B-site and La-O > Sr-O on A-site. In
that case, the lower CTE, the smaller chemical expansion in H2 as well as the excellent volume reversibility
during redox cycles should all benefit from the stronger La-O bond.
For electrical conductivity performance in a redox cycling, phase stability, volume reversibility and the
contribution to electron cloud configuration of different metal elements should be involved. Both SF1.5M
and LSFM exhibit high conductivity in forming gas and good reversibility in the redox environment. The
slight conductivity decay of SF1.5M in second redox cycle probably because of microcracks formed by big
chemical expansion in the first redox cycle. Compare with SF1.5M, LSFM presents a comparable
conductivity in forming gas and perfect reversibility in three redox cycles. This demonstrates that La is
neutral to an electrical conductivity performance but promotes the conductivity reversibility by providing
a more stable crystal structure and a higher resistance to chemical expansion during redox cycling.
The half-tear-drop-shaped impedance spectra of LSFM symmetrical cell indicates that LSFM is a good
MIEC material which possesses both high oxygen diffusion in bulk and fast oxygen exchange rate on
surface. The perfect match of these two aspects expanded the reaction active zone from electrolyte/electrode
interface to a large surface area with the thickness of several or even dozens of microns which depends on
the thermal factor of LSFM, which the exact number is not sure yet. The maximum power density of
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LSCF/LSGM/LSFM single cell reaches 1156 mW cm-2 in humidified H2 at 800 oC. This competitive
performance benefits from high electrical conductivity, great ionic conductivity, and decent surface
catalytic activity.
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Chapter 5 In-situ Exsolution on LSFM and
Promotion to the Electrochemical Performance
The Solid-Oxide Fuel Cell (SOFC) is a clean energy conversion device which has become a promising
technology to deal with serious energy issues and has received much attention over the last several decades
3, 172, 197-198

. In recent years, perovskite materials have emerged as promising anode candidates due to their

notable performance, such as satisfactory electric and/or ionic conductivity, mild volume change during
redox, and great resistance to carbon deposition and sulfur poisoning
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. Nevertheless, the catalytic

activity of perovskite materials is deficient compared with metals (Fe, Co, Ni).
Surface decoration is a useful and practical strategy to bridge this performance gap. As a commonly applied
modification method on ceramics, the surface decoration is mainly committed to increase the number of
active sites in a reaction zone and enhance the catalytic activity for a faster electrochemical reaction. One
well-known surface decoration method is infiltration which can modify almost all ceramic materials with
metals (Ni199, Cu200, Cu-Ni alloy 201, etc.) and oxides (CeO28, La0.4875Ca0.0125Ce0.5O2−δ9 and so on). However,
nonuniform distribution of infiltrated nanoparticles (NPs), coarsening of metal NPs and carbon deposition
on metal NPs in hydrocarbon fuels largely impact performance stability115 in a short or long term SOFC
operation. In view of these drawbacks, in-situ exsolution is proposed as an advanced surface modification
concept which devoted to the high thermal stability of exsolved metal NPs and efficient applications 115-116,
. According to Neagu et al’s work, exsolved NPs grow from the parent phase with a socket structure

162-163, 202

which can improve the connection strength between NPs and parent phase115. Benefit from this special
structure, coarsening and agglomeration of exsolved metal particles are predominantly restrained during
long-term utilization. For Ni particles, socket structure and a strong Ni-parent phase connection can also
limit the tip growth pathway of carbon nanotubes and enhance the resistance to carbon coking. Though insitu exsolution has been reported in perovskite materials, the exsolution-dissolution reversibility of
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exsolved NPs in a redox environment has not been discussed. The exsolution process and the related
electrochemical performance change along the way are still unclear.

5.1 Exsolution Characterization
5.1.1 Exsolution Condition and Morphology
Most metal exsolution happens in a strong reducing atmosphere (dry or humidified H2) at high temperature
(normally higher than 700 oC) and this rule is also applicable to LSFM. As shown in Figure 44, the XRD
pattern of LSFM upon the 20 h reduction in 5%H2 at 850 oC (Figure 44b) is the same with the synthesized
material (Figure 44a). This result proved the good phase stability of LSFM in a low PH2 environment and
guaranteed the accuracy and repeatability of ECR tests on LSFM in a low PH2 range. When LSFM powder
was further subjected to a 5 h reduction in the pure H2 at 800 oC, two minor new peaks can be detected by
XRD (Figure 44c). The peak at 44.7o corresponds to metal Fe (marked with a red star, JCPDS No. 06-0696),
the one at 31.2o may correspond to a K2NiF4-type structure composition (marked as purple diamond,
according to Yang’s report162).

Figure 44. XRD patterns of LSFM: (a) as synthesized, (b) reduced in 5%H2 at 850 oC for 20 h and (c) reduced in H2 at 800 oC for
5 h.
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Besides XRD, SEM and XPS analysis were conducted upon as-synthesized and reduced LSFM powders to
evaluate the morphology change as well as the surface composition evolution during the exsolution. Figure
45 included the SEM images of LSFM powder before and after reduction. Before reduction, the grain size
is about 400 nm, the grain boundaries are clear and smooth (Figure 45a). This morphology is maintained
well during the reduction (Figure 45b) which indicates good main phase stability in H2. Exsolved NPs
uniformly distributed on LSFM powder surface with an average particle size of 100 nm. The average size
of exsolved particles on different materials is about 50-150 nm from the literature114-115, 121, 124. Because of
the faster diffusion rate of atoms along grain boundaries, most exsolved particles emerge along or near the
grain boundaries.

Figure 45. SEM of LSFM powders (a) as synthesized, (b) reduced in H2 at 800 oC for 5 h.

5.1.2 Identification of Phase Transition
In order to analysis the surface condition change during reduction, ex-situ XPS analysis is carried out on
LSFM powders before and after reduction treatment. 284.8 eV is the reference value for C-C/C-H. The
Fe2p spectrum of synthesized LSFM is dominated by Fe3+ (Figure 46a). After reducing in H2 at 800 oC for
5 h, part of the Fe3+ cations are reduced to Fe2+ corresponding to the grown-up of Fe2+ peaks and the
shrinkage of Fe3+ peaks. The new peak at around 706.2 eV (marked with a red star in Figure 46a) is assigned
to Fe0 and indicates the existence of metal Fe after reducing. Similarly, according to Mo3d spectra in Figure
46b, Mo6+ cations are also partially reduced to Mo5+ in H2. However, no metal Mo was detected by XPS.
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Figure 46. (a-b) Fe2p and (c-d) Mo3d spectra of LSFM. Spectra in (a, c) are collected from as-synthesized powders, spectra in (b,
d) are collected after reduction in H2 at 800 oC for 5 h.

Figure 47. (a-b) TEM bright field images of LSFM with exsolved particles; (c) EDS plot and atomic concentration of the bulk; (d)
EDS plot of the exsolved particle.

In order to eliminate the signal interference from the bulk and directly identify the composition of exsolved
NPs, TEM and EDS would be the best choice. EDS spot analysis results on bulk (spot 1 in Figure 47b) and
exsolved NP (spot 2 in Figure 47b) are given in Figure 47c-d. The atomic ratio of La:Sr:Fe:Mo on spot 1 is
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approximately 1:3:3:1 which is consistent with the composition of LSFM (La 0.5Sr1.5Fe1.5Mo0.5O6-δ). On
exsolved particle (spot 2), a strong Fe peak and the absence of La, Sr, Mo, O elements suggest that the
exsolved NP is pure Fe. A Cu signal belongs to the TEM Cu grid. Based on XPS and TEM results, we can
safely say that after reducing in H2 at 800 oC for 5 h, the exsolved NPs are pure Fe.

Figure 48. (a) XRD patterns of LSFM with partial (H2, 800 oC 5 h) and total phase transition (H2, 1200 oC 2 h), (b) Synchrotron
XRD and Rietveld refinement of LSFM after total phase transition.

To identify the K2NiF4-type structure composition detected in Figure 44c, a thorough phase transition of
LSFM was conducted in H2 at 1200 oC for 2 h. The treated powder was then characterized by EDS, XRD
(Cu Kα) and synchrotron XRD. In EDS analysis, all the elements can be detected and the atomic ratio of
La:Sr:Fe:Mo is close to 1:3:3:1 (Figure 49a). After reducing in H2 at 1200 oC for 2 h, the XRD pattern of
LSFM (Figure 48a) is very different from a perovskite structure. The main peak of the totally reduced
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LSFM (reduced at 1200 oC) overlap the tiny peak of the partially reduced LSFM (reduced at 800 oC) at
31.2o. As no peak splitting can be observed from the synchrotron XRD pattern, the totally reduced sample
should contain only one RP phase and one metal phase. Depending on the Rietveld refinement, the 1200
o

C reduced sample contains RP phase La0.52Sr1.48Fe0.5Mo0.5O4 and metal alloy Fe0.928Mo0.072 (Figure 48b),

the moral ratio of two components is 0.51:0.49, close to 1:1. After converting the synchrotron data to the
corresponding Cu Kα radiation, the two XRD patterns show a great match (Figure 49b).

Figure 49. LSFM powder that reduced in H2 at 1200 oC for 2 h, (a) EDS spectrum and the atomic ratio of elements in reduced
LSFM, (b) Converted synchrotron pattern and Cu Kα pattern of reduced LSFM.

5.1.3 Phase Evolution
Based on the experimental results discussed above, we can roughly describe the phase transition of LSFM
in H2 at 1200 oC as:
o

H2 1200 C
La 0.5Sr1.5Fe1.5Mo0.5O6− ⎯⎯⎯⎯
→ Fe + La 0.5Sr1.5Fe0.5Mo0.5O4

For the different degrees of partial phase transition, it can be generally expressed as:
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(26)

H2
La 0.5Sr1.5 Fe1.5 Mo0.5O6− ⎯→
Fe

2
n +1

+ La 0.5Sr1.5 Fe

1.5 −

2
n +1

Mo0.5 O6 −

(27)

Here, n can be any positive integer. The A-site and B-site cation ratio is (n+1)/n, follow the general RP
phase formula An+1BnX3n+1. When n = 1, Eq. (27) is equal to Eq. (26) and indicates a total phase transition.
When n = +∞, exsolution is absent, and the crystal structure is pure perovskite.

5.1.4 Exsolution Induced by “Valence Excess” and “Co-Fe Cooperation”
The ideal in-situ exsolution is a process to achieve the evenly decorated surface with better catalytic activity
and higher thermal stability than the infiltration method. Depending on the formula, perovskites can be
divided into two types: the A-site deficient perovskite A1-αBO3-δ and the stoichiometric perovskite ABO3-δ.
The exsolution processes of these materials are summarized by Neagu as Eq. (28) and Eq. (29), respectively
114

.

A1− BO3− → (1 −  ) ABO3−  +  B

(28)

ABO3− → (1 −  ) ABO3−  +  B+ AO

(29)

Compared with the stoichiometric composition, A-site deficiency leads to an extra driving force to trigger
the B-site exsolution. Inspired by this idea, a large number of A-site deficient perovskites are investigated.
Table 8 summarized some A-site deficient and stoichiometric perovskite with their main phase stability
after exsolution.
Compositions from Table 8 are generally modified from several limited perovskite families, such as LaxSr1xTiO3-δ

(LST) and Sr2Fe1.5Mo0.5O6-δ (SF1.5M). These original materials provide a stable backbone in H2 for

new compositions and minor exsolution (≤ 15% on B-site) while guaranteeing a stable perovskite structure
after exsolution. An interesting discovery from Table 8 is that 20% Ni on the B-site (La0.6Sr0.4Fe0.8Ni0.2O3δ)

leads to minor decomposition, but a severe phase change is observed from compositions with 20% Co

(Pr0.4Sr0.6Co0.2Fe0.7Nb0.1O3-δ and Pr0.4Sr0.6Co0.2Fe0.7Mo0.1O3-δ). This probably is because of the cooperative
exsolution of Co and Fe. When exsolving from perovskite, Co can somehow trigger a massive Fe exsolution
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along with it and collapse the parent structure. This Co-Fe cooperative exsolution is also observed from the
SF1.5M based composition. In Figure 50, the XRD patterns indicate that SF1.5M is not only stable in H2
(Figure 50a) but can also tolerate 5% vacancy on B-site (Figure 50b). Because of this high stability, Nidoped SF1.5M (Sr1.9Fe1.5Mo0.4Ni0.1O6-δ, Table 8) exhibits excellent stability in H2 203. However, when filling
this 5% vacancy with Co, severe phase transitions from the perovskite to the RP phase are detected by XRD
from the stoichiometric (Figure 50c) and A-site deficient compositions (Figure 50d).
Table 8. Perovskite materials and the phase stability after exsolution.

Formula

A1-αBO3-δ

ABO3-δ

SF1.5M
Family

Material
La0.4Sr0.4Sc0.9Ni0.1O3-δ
La0.9Mn0.9Pt0.075Ni0.025O3-δ
Sr1.9Fe1.5Mo0.4Ni0.1O6-δ
La0.52Sr0.28Ti0.94Ni0.06O3-δ
La0.4Sr0.4Ti0.97Ni0.03O3-δ
La0.4Sr0.4Ti0.94Fe0.06O2.97
La0.6Sr0.3Cr0.85Fe0.15O3-δ
(La0.75Sr0.25)0.95(Cr0.8Ni0.2)0.95Ni0.05O3
(La0.75Sr0.25)0.85(Cr0.5Fe0.5)0.85Fe0.15O3
La0.3Sr0.7Ti0.94Ni0.06O3+δ
LaxSr1-xTi1-yNiyO3-δ (y<0.1)
La0.5Sr0.5Ti0.75Ni0.25O3-δ
Sr2Fe1.3Ni0.2Mo0.5O6-δ
La0.6Sr0.4Fe0.8Ni0.2O3-δ
Sr2FeNi0.35Mo0.65O6-δ
Pr0.4Sr0.6Co0.2Fe0.7Nb0.1O3-δ
Pr0.4Sr0.6Co0.2Fe0.7Mo0.1O3-δ
Pr0.4Sr0.6Co0.2Fe0.7Mo0.1O3-δ
Sr2Fe1.5Mo0.5O6-δ
Sr2Fe1.5□0.1Mo0.4O6-δ
Sr2Fe1.5Co0.1Mo0.4O6-δ
Sr1.9Fe1.5Co0.1Mo0.4O6-δ
La0.5Sr1.5Fe1.5Mo0.5O6-δ
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Exsolved Metal
Ni
Pt3Ni
NiFe
Ni
Ni
Fe
Fe
Ni
Fe
Ni
Ni
Ni
Fe-Ni
Fe-Ni
Fe-Ni
Co-Fe
Co-Fe
Co-Fe
No
No
Co-Fe
Co-Fe
Fe

Impurity
No
No
No
No
No
No
No
No
No
No
No
Minor
Minor
Minor
Severe
Severe
Severe
Severe
No
No
Severe
Severe
Minor

Ref.
121
204
203
114
124
117
202
205
206
114
207
208
209
116
163
162
210
211
This
work

Figure 50. XRD patterns of materials as synthesized and reduced in H2 at 800 oC for 5 h. (a) SF1.5M, (b) Sr2Fe1.5□0.1Mo0.4O6-δ,
(c) Sr2Fe1.5Co0.1Mo0.4O6-δ, and (d) Sr1.9Fe1.5Co0.1Mo0.4O6-δ.

Besides A-site deficiency and Co-Fe cooperative action, “valence excess” is another inducement of
exsolution. Unlike the A-site deficiency, the valence excess introduces extra exsolution driving force by
increasing the valence state of some single valent elements, such as replacing partial Sr2+ by La3+ in SF1.5M
to produce LSFM. Because Sr2+ and La3+ have a single valence that cannot be reduced to a lower valence
state in H2, the excessive valence introduced by La3+ prefers to be compensated by a lower B-site valence
to avoid the higher oxygen vacancy formation energy at the bigger δ condition. Since Fe2+ is easier to be
reduced to the metal than Mo4+/5+, pure Fe exsolution is formed and detected at 800 oC. If the system cannot
be compensated when all available Fe cations are reduced to the metal, some Mo cations may also be
reduced to the metal to form an Fe-Mo alloy in an extremely strong reducing environment (i.e., 1200 oC
H2). Thus, the Fe-Mo alloy is detected from the thoroughly reduced LSFM by synchrotron XRD.
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5.2 Stability and Reversibility
5.2.1 Long-term Stability
According to the previous discussion, the Fe exsolution from LSFM has been verified in H2 at 800 oC. This
in-situ exsolution seems to mainly occur in the first few hours and then further decomposition will be
dramatically restrained. To clarify this, the LSFM powder which had been subjected to 5 h reduction in
pure H2 at 800 oC was further calcined under the same conditions for another 100 h. As shown in Figure
51a-c, the XRD peaks correspond to Fe and RP phase in LSFM subjected to 100 h reduction are not
obviously intensified in comparison with those of the counterpart subject to 5 h reduction. Both samples
maintain the major phase of perovskite LSFM similar to the prime LSFM synthesized in N2. The SEM
images in Figure 51d-e also prove the high similarity of exsolution particles in LSFM upon 5 and 100 h
reduction. The Fe exsolution and phase transition of LSFM powder are much weakened compared to the
significant phase decomposition of other perovskite materials with the similar structures such as
Sr2Fe1.5Co0.1Mo0.4O6-δ (Figure 31a in Section 2.4.2), Sr2FeMo0.65Ni0.35O6-δ163, La0.6Sr0.4Fe0.8Ni0.2O3-δ116 and
Pr0.4Sr0.6Co0.2Fe0.7Nb0.1O3-δ162, which usually have severe metal exsolution and phase transformation in H2
at the similar temperatures. Thus, the perovskite material LSFM demonstrates the high phase stability
against H2 reduction at the cell operating temperature.
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Figure 51. (a-c) Phase stability of LSFM in H2 at 800 oC for (a) 0 h, (b) 5 h and (c) 105 h. (d, e) SEM images of LSFM powders
reduced for (d) 5 h and (e) 105 h.

5.2.2 Phase Reversibility Under the Redox Condition
It is interesting to find that the exsolution and dissolution of Fe NPs are reversible during a redox cycle.
After 5 h reduction in H2 at 800 oC, the same LSFM powders were subjected to oxidation in the air at 800
o

C for 1 h. As shown in Figure 52b, tiny peaks at 31.2o and 44.7o disappeared after 1 h oxidation. The XRD

pattern of re-oxidized LSFM shows a high similarity with the synthesized phase (Figure 44a).
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Figure 52. XRD patterns of LSFM powder (a) after reduction in H2 at 800 oC for 5 h and (b) after re-oxidization in air at 800 oC
for 1 h. (c-d) SEM images of LSFM after 1 h oxidation (c) without Fe residual, and (d) with Fe residual. (e) Surface and grain
boundary morphology of synthesized LSFM. (f) Surface and grain boundary morphology of LSFM after one redox cycle.

Strictly speaking, the XRD pattern in Figure 52b can only demonstrate the disappearance of crystallized Fe
after oxidation. To verify the dissolution of Fe, the morphology of LSFM powder after oxidation was
characterized by SEM. The clean surface and clear grain boundaries in Figure 52c confirm that Fe NPs is
dissolved into the perovskite phase in an oxidation environment. Meanwhile, minor iron oxide residuals are
also observed at grain boundaries from the same sample (Figure 52d) which verifies a faster Fe diffusion
channel along grain boundaries.
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Before and after redox, the morphology changes at the grain boundary and the nearby surface are evident
as displayed in Figure 52e-f. In Figure 52e, the grain boundary of LSFM particles before the reduction is
clear and straight, and the particle surface is smooth and uniform. After re-oxidation, though particle shape
is maintained, a clear wave-shaped grain boundary and surface can be observed in the high magnification
SEM image (Figure 52f). This new morphology implies a reversible phase evolution process during redox
cycles:
H2
La 0.5Sr1.5 Fe1.5Mo0.5O6− ⎯→
Fe x + La 0.5Sr1.5Fe1.5− x Mo0.5O6−
O2
⎯→
La 0.5Sr1.5 Fe1.5Mo0.5O6−

(30)

This attractive property makes LSFM as a potential candidate material in redox stability required fuel cells.

5.3 Accelerated Surface Kinetics with Fe Exsolution
5.3.1 In Low PH2 Environment
In this work, the surface kinetics and bulk diffusion change result from exsolution are investigated by
electrical conductivity relaxation (ECR) in the low PH2 range (humidified 1%-20% H2) and by
electrochemical impedance spectroscopy (EIS) in the high PH2 atmosphere (humidified H2). At low PH2
range, the high phase stability of LSFM has been verified in Section 4.2.2 (Figure 29). The stable perovskite
phase and the ideal conductivity change curve after an abrupt PH2 change lead to repeatable and credible
ECR results.
To evaluate the influence of exsolution on electrochemical performance, ECR was conducted in low P H2
environment, before and after Fe exsolution (overnight in humidified H2 at 800 oC). The ECR fitting results
before (black symbols) and after (red symbols) exsolution are presented in Figure 53b-c. The 5% error
tolerance map defines the sensitivity of kex and Dchem in a certain error range and indicates the reliability of
the fitting result. Error bars in Figure 53b-c are extracted from “error map with 5% tolerance” (Figure 53a
inset and Figure 54) and indicate the kex or Dchem range between A and B in an “error map with 5% tolerance”

82

(Figure 53a inset). Error bars can be used to reveal the accuracy and reliability of obtained k ex and Dchem
values.

Figure 53. ECR fitting results of LSFM bar sample at 800 oC in humidified H2. (a) Raw data (open circle) and the fitting result
(solid line) from 5%H2 to 8%H2 after total reduction. 2D contour plot of error map and error map with 5% tolerance are shown in
the inset. (b) Dchem and (c) kex before and after total reduction as a function of equilibrium state oxygen partial pressure.

Figure 54. 5% tolerance error maps of all ECR fitting results.
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From Figure 53c, a clear kex increment (about 1.5 to 2 times) can be observed after exsolution. This
enhancement implies a faster surface oxygen exchange rate and a promoted surface reaction kinetics with
the presence of exsolved NPs on the surface. For the bulk diffusion in Figure 53b, the closely matched Dchem
values at the high PO2 side and the big error bars at the low PO2 side suggest that, in this experiment, the
exsolution has a minor effect on Dchem. As is known, Dchem reflects the oxygen transport capability of the
material and is affected by crystal structure. At a certain PO2 change (a certain PO2 value in Figure 53b), a
similar Dchem value before and after exsolution indicates the well-maintained crystal structure of the material
and demonstrates that exsolution and surface phase transition in LSFM won’t block ionic diffusion in the
bulk.
Overall, with the exsolution of Fe NPs, more active sites are provided on the electrode surface which results
in a faster surface electrochemical process. Meanwhile, the well-maintained perovskite structure in LSFM
ensures sufficient ionic conductivity during the hydrogen oxidation reaction.

5.3.2 In High PH2 Environment
In the ECR assumptions, the conductivity change is proportional to the stoichiometry change (∆δ) and the
∆δ is ruled by an ideal surface oxygen exchange (kex) and bulk chemical diffusion (Dchem) 212, which can be
described as Eq. (19). On that account, high phase stability during the test is required for the credible k ex
and Dchem. However, as verified above, LSFM undergoes exsolution and slight phase transition in the high
PH2 environment. Therefore, the EIS method is employed in this work to monitor the performance change
of the LSFM/LSGM/LSFM symmetrical cells during the Fe exsolution process in the high PH2 environment
(3%H2O-97%H2). The symmetrical cell is heated up in N2. When the temperature is stable at 800 oC, test
gas is switched to humidified H2. Impedance spectra are then recorded every 30 minutes until a constant
polarization resistance value is obtained.
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Figure 55. LSFM/LSGM/LSFM symmetrical cell tested at 800 oC in humidified H2. (a) Rp as a function of soaking time. (b)
Nyquist plot (black) and the fitting result (red) at 5 h. Inset is the corresponding equivalent circuit. (c) Rchem and Cchem as a function
of soaking time. (d) Cchem/Rchem (proportional to effective ionic conductivity σi,eff) and Cchem*Rchem (proportional to surface areaspecific resistance Rsurf) as a function of soaking time.

As shown in Figure 55a, the Rp exhibits a linear decrease in the first 3 hours and then reaches a constant
value. In contrast, the parallel sample SF1.5M does not show exsolution in H2 and its symmetrical cell does
not exhibit this reduction in Rp (Figure 56). Figure 55a reflects the Fe exsolution-ceasing process on LSFM
in a strong reducing atmosphere, confirming the promotion of exsolution on the HOR process.
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Figure 56. Polarization resistance of (a) LSFM, (b) SF1.5M symmetrical cells tested in humidified H 2 at 800 oC as a function of
soaking time.

According to Adler’s investigation

179, 184

, the half-tear-drop-shaped impedance spectrum (Figure 55b)

suggests an oxygen bulk diffusion and surface chemical exchange co-limited electrochemical process which
can be well-fitted by a de Levie Pore element (Lo). Thus, the equivalent circuit LRsLo (inset of Figure 55b)
is applied for impedance fitting. In this equivalent circuit, L is the inductance, Rs is the ohmic resistance
from the electrolyte, Lo presents the oxygen bulk diffusion and surface chemical exchange co-limited
process. The Lo element can be described as Eq. (22) 213:

Z chem =

Rchem
1 + ( jtchem )



(22)

where Zchem is the chemical impedance,
Rchem is the characteristic resistance,
α denotes the non-ideal behavior. The fitting result of all data are given in Table 9. Based on Adler’s work
179

, Rchem and Cchem can be written as:

Rchem = 2

Cchem =

Rsurf

 i ,eff a

4 F 2 (1 −  ) l 4 F 2 (1 −  )  i ,eff Rsurf
=
RT
fVm
RT fVm
a
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(31)

(32)

where Cchem is the chemical capacitance,
Rsurf is the area-specific resistance, reflecting the oxygen exchange resistance at the LSFM surface,
σi,eff is the effective ionic conductivity, and can be expressed as σi,eff = (1 - ε) σi / τ,
ε is the porosity,
τ is the tortuosity,
a is the surface area,
f is the thermodynamic factor,
lδ is the characteristic “utilization” length,
Vm is the molar volume.
Table 9. Fitting results of EIS data from 0.5 to 5 h.

Rchem

Cchem

α

Cchem/Rchem

Cchem*Rchem

Ω cm2

F cm-2

/

/

/

0.5 h

0.310

2.303

1.041

7.434

0.714

1h

0.284

2.726

1.033

9.598

0.774

1.5 h

0.271

2.653

1.031

9.793

0.719

2h

0.253

2.524

1.027

9.961

0.640

2.5 h

0.241

2.431

1.022

10.086

0.586

3h

0.232

2.377

1.019

10.262

0.551

3.5 h

0.228

2.336

1.015

10.263

0.531

4h

0.227

2.316

1.014

10.190

0.526

4.5 h

0.227

2.310

1.014

10.174

0.524

5h

0.226

2.305

1.013

10.180

0.522

Time
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Figure 57. Nyquist plots (black) and fitting results (red) of LSFM/LSGM/LSFM symmetrical cell tested at 800 oC in humidified
H2 after (a-b) 0.5 h reduction and (c-d) 1 h reduction.

At 0.5 h, an unusual impedance curl at the low-frequency side (Figure 57a-b) indicates an unstable
electrochemical process in the cell. This instability is responsible for the abnormal fitting results in Figure
55c-d at 0.5 h. After about 1 h soak time, the overlapped EIS spectrum with the fitted line (Figure 57c-d)
suggests a stable electrochemical process and reveals that the fitting results in Figure 55c-d from 1 h to 5 h
are reliable. Starting from 1 h, both Rchem and Cchem present a clear reducing trend with time (Figure 55c).
Since Rchem and Cchem are dominated by more than one parameter, the relationship between Rsurf and σi,eff
with Rchem and Cchem will be more helpful. From Eq. (31) and Eq. (32), it can be shown:

Cchem 2 F 2 (1 −  )
=
 i ,eff
Rchem RT fVm
Cchem  Rchem =

8F 2 (1 −  )
Rsurf
RT afVm
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(33)

(34)

When the only concern is the electrochemical change with time at a certain temperature in a certain P O2
environment, ε, Vm, and T are constant. Thus, Eq. (33) and Eq. (34) can be simplified as Eq. (35) and Eq.
(36), respectively:

Cchem  i ,eff

Rchem
f
Cchem  Rchem 

(35)

Rsurf

(36)

f

Here, the thermodynamic factor f illustrates the difficulty of changing the stoichiometry (δ) for a given PO2
change. According to the literature 179, f ≈ 1 implies an easy change of the stoichiometry and f >> 1 implies
a more difficult change of the stoichiometry. During the exsolution process, f should present a rising trend
in the first 3 hours and gradually stabilize to a constant value. Therefore, from Figure 55d, it can be seen
that σi,eff increased with time during exsolution. The trend of Rsurf, however, is complicated due to the
absence of an f value.
In brief, the in-situ exsolution is favorable to a promoted electrochemical performance. Exsolved Fe NPs
mainly accelerate the HOR kinetics at the surface. The high phase stability of LSFM limited the Fe
exsolution and phase change in the first few hours. The well-maintained perovskite structure guaranteed an
acceptable ionic conductivity.

5.3.3 The Influence of Exsolution on Surface and Bulk Properties
To more clearly observe the influence of Rsurf, σi,eff and f on the electrochemical process during exsolution,
the same EIS data are analyzed by the distribution of relaxation time (DRT) method. In DRT, the peak
position of the nth peak is equal to its corresponding equivalent circuit element’s characteristic frequency,
and the polarization resistance can be described as 214:

 ( )
Z pol ( ) = R pol 
d ;
1
+
j

0
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  ( )d = 1
0

(37)

where Zpol is the total polarization resistance,
Rpol is the total ohmic resistance of the equivalent circuit,
τ is the relaxation time,
𝛾(𝜏)
1+𝑗𝜔𝜏

is the fraction of the overall polarization between relaxation time τ and τ+dτ. If Sn represents the peak

area of the nth peak in DRT, a proportional relation is seen between the peak area and the polarization
resistance of the nth peak, as shown in Eq. (38). Here, τn,i and τn,f denote the relaxation time range of the nth
peak, and Zpol is the polarization resistance of the nth peak.
n, f

Sn 

 ( )

d  Z

 1 + j

pol , n

( )

(38)

n ,i

Figure 58. (a) Impedance simulation of the standard Lo element. (b) DRT result of the standard Lo element.

Different from the RQ element which corresponds to a symmetrical single peak

215

, the DRT result of Lo

element is a multi-peak spectrum, as shown in Figure 58b. Figure 58a is the impedance spectrum of standard
Lo element:

Z ( ) =

1
1 + ( j )

1

(39)

Considering the co-limited characteristic of the Lo element, it may not be appropriate to simply assign these
peaks to the different electrochemical processes and interpret the effect of exsolution, accordingly. To
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clearly understand the DRT spectrum and better interpret the influence of exsolution, the values of Rsurf,
σi,eff, and f are estimated:
From Table 9, we know that at 5 h, Rchem = 0.226 Ω cm2, Cchem = 2.305 F cm-2.
Assume porosity ε ≈ 0.5, thermodynamic factor f ≈ 10 137.
F = 96485 C mol-1, R = 8.314 J (K mol)-1, T = 1073 K, Vm = 73.41 cm3 mol-1 137.
(1) For the “utilization” length:

𝐶𝑐ℎ𝑒𝑚 =
𝑙𝛿 =

4𝐹 2 (1 − 𝜀)𝑙𝛿
𝑅𝑇 𝑓𝑉𝑚

𝑅𝑇 𝑓𝑉𝑚
8.314 × 1073 10 × 73.41
𝐶𝑐ℎ𝑒𝑚 =
×
× 2.305 𝑐𝑚 ≈ 10 𝜇𝑚
2
(1 − 0.5)
4𝐹 (1 − 𝜀)
4 × 964852

(2) For the surface area:
From Figure 45, the particle size of synthesized LSFM is about 400 nm. Assume all LSFM particles are
ideal sphere, thus, the surface area (S0) and volume (V0) of one ideal particle are:
𝑆0 = 4𝜋𝑟 2 = 4 × 3.14 × (200 𝑛𝑚)2 = 5.024 × 105 𝑛𝑚2
4
4
𝑉0 = 𝜋𝑟 3 = × 3.14 × (200 𝑛𝑚)3 = 3.35 × 107 𝑛𝑚3
3
3
In the LSFM symmetrical cell, the active area (A) of LSFM symmetrical cell is about 0.5 cm2, so, the
volume of active LSFM (Vtotal) can be calculated as:
𝑉𝑡𝑜𝑡𝑎𝑙 = 𝐴𝑙𝛿 (1 − 𝜀) = 0.5 𝑐𝑚2 × 10 𝜇𝑚 × (1 − 0.5) = 2.5 × 1017 𝑛𝑚3
Therefore, the surface area (a) is roughly equal to:
𝑉𝑡𝑜𝑡𝑎𝑙
2.5 × 1017
𝑎=
𝑆 =
× 5.024 × 105 𝑛𝑚2 = 3.75 × 1015 𝑛𝑚2 ≈ 40 𝑐𝑚2
𝑉0 0 3.35 × 107
(3) For Rsurf and σi,eff:
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𝐶𝑐ℎ𝑒𝑚 2𝐹 2 (1 − 𝜀)
=
𝜎
𝑅𝑐ℎ𝑒𝑚
𝑅𝑇 𝑓𝑉𝑚 𝑖,𝑒𝑓𝑓
𝜎𝑖,𝑒𝑓𝑓

𝐶𝑐ℎ𝑒𝑚
2.305
𝑅𝑐ℎ𝑒𝑚
0.226
=
=
𝑆 𝑐𝑚−1 = 0.007 𝑆 𝑐𝑚−1
(1 − 0.5)
2𝐹 2 (1 − 𝜀)
2 × 964852
×
𝑅𝑇 𝑓𝑉𝑚
8.314 × 1073 10 × 73.41

𝑅𝑠𝑢𝑟𝑓
𝑅𝑐ℎ𝑒𝑚 = 2√
𝜎𝑖,𝑒𝑓𝑓 𝑎
𝑅𝑠𝑢𝑟𝑓 𝑎
40
= (𝑅𝑐ℎ𝑒𝑚 )2 =
× 0.2262 = 0.5
𝜎𝑖,𝑒𝑓𝑓 4
4
𝑅𝑠𝑢𝑟𝑓 = 0.0035 Ω 𝑐𝑚2
Therefore, at 5 h, Rsurf = 0.0035 Ω cm2, σi,eff = 0.007 S cm-1 and f ≈ 10. Based on this result, the various
values of Rsurf, σi,eff, and f are listed in Table 10. Figure 59 shows the results of this parametric study as well
as the influence of Rsurf, σi,eff, and f on the electrochemical process.
Table 10. Parameters setting of Rsurf, σi,eff, and f.

I

II

III

IV

Parameters

Fitting 1

Fitting 2

Fitting 3

Fitting 4

Fitting 5

Rsurf

0.0015

0.0025

0.0035

0.0045

0.0055

σi,eff

0.007

0.007

0.007

0.007

0.007

f

10

10

10

10

10

Rsurf

0.0035

0.0035

0.0035

0.0035

0.0035

σi,eff

0.005

0.006

0.007

0.008

0.009

f

10

10

10

10

10

Rsurf

0.0035

0.0035

0.0035

0.0035

0.0035

σi,eff

0.007

0.007

0.007

0.007

0.007

f

6

8

10

12

14

Rsurf

0.0035

0.0035

0.0035

0.0035

0.0035

σi,eff

0.005

0.006

0.007

0.008

0.009

f

6

8

10

12

14
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Figure 59. Simulated Lo element and corresponding DRT fitting spectra based on Table 10. (a-b) Increased Rsurf with fixed σi,eff
and f (σi,eff = 0.007, f = 10). (c-d) Increased σi,eff with fixed Rsurf and f (Rsurf = 0.0035, f = 10). (e-f) increased f with fixed Rsurf and
σi,eff (Rsurf = 0.0035, σi,eff = 0.007). (g-h) Increased σi,eff and f with fixed Rsurf (Rsurf = 0.0035).

In the condition I, Rsurf increased from 0.0015 Ω cm2 to 0.0055 Ω cm2 while σi,eff and f are constant. As
expected, the Rp shows a clear growing trend with Rsurf increasing (Figure 59a). However, it is interesting
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to notice that both peak position and peak area in Figure 59b are influenced by varied Rsurf. When Rsurf
increases, the peak position moves to the low-frequency direction and the peak area grows. Figure 59b
suggests that a reduced surface reaction resistance Rsurf contributes to faster reaction kinetics as well as
smaller polarization resistance. The condition I is very similar to the experimental data, as shown in Figure
60.

Figure 60. (a) Nyquist plots of LSFM/LSGM/LSFM symmetrical cell at 800 oC in humidified H2 for 1 h, 2 h, 3 h, and 5 h. In this
graph, inductance (L) and ohmic resistance (Rs) are subtracted from the plot. (b) The corresponding DRT spectra.

In condition II, when only σi,eff changes, the higher σi,eff also contributes to a smaller Rp, as shown in Figure
59c. However, in DRT fitting (Figure 59d), this drop in Rp only leads to the change of peak intensity without
any influence on the peak position. In condition III, opposite of condition II, a bigger f pushes the DRT
peak to the high-frequency direction while keeping the peak intensity the same (Figure 59f). This DRT
spectra correspond to overlapping Nyquist plots, as shown in Figure 59e. Compared with Rsurf, σi,eff and f
can only control one aspect of DRT spectrum, either peak intensity or peak position. Among them, σi,eff can
affect Rp while no visible difference can be observed from a Nyquist plot with varying f.
Therefore, considering the influence of f combined with σi,eff, a similar trend to Figure 60 is obtained, as
shown in Figure 59g-h (Condition IV). Thus, to achieve the performance improvement in Figure 60a, three
variations of parameters are possible: 1) a decrease in Rsurf, 2) an increase in σi,eff and f, and 3) a decrease in
Rsurf plus an increase in σi,eff and f. The ECR test demonstrated a clear enhancement of kex (in other words,
a decrease of Rsurf) after exsolution, and from the EIS analysis, the increment of σi,eff and f during exsolution
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are verified. Therefore, it is likely that a decrease in Rsurf plus an increase in σi,eff and f work together during
the exsolution to achieve performance development, as shown in Figure 55a.

5.4 Summary
In this chapter, the exsolution of Fe NPs in H2, the reversibility of exsolution and the electrochemical
performance related to exsolution are investigated based on LSFM. With the influence of La3+ on A-site,
Fe NPs are exsolved with an average size of 120 nm after reducing LSFM in H2 at 800 oC for 5 h. After
about 3 h reducing treatment, the exsolution slows down and the material reaches a new equilibrium which
demonstrated by the good phase stability in the following 100 hours treatment. On the other hand, when reoxidize LSFM in air, within about 1 hour, most Fe NPs are disappeared, a clear but waved grain boundary
and grain surface indicate a reversible phase evolution. This makes LSFM an excellent potential candidate
for redox applications
In a reducing atmosphere, in-situ exsolution leads to faster kinetics at the surface and higher ionic
conductivity in the bulk. Based on ECR analysis, Fe exsolution leads to faster surface kinetics which comes
from the great catalytic activity of Fe NPs. Meanwhile, the EIS result demonstrates the increased ionic
conductivity during the exsolution process. Therefore, “excess valence” is a simple and effective strategy
to obtain a uniform surface decoration and better electrochemical performance which is promising for the
development of SOFC.
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Chapter 6 The Role of Water in Hydrogen Oxidation
Reaction
In solid oxide fuel cells (SOFCs), there are two kinds of widely used anodes. One is traditional Ni-based
composite anodes such as Ni-YSZ10, the other is ceramic anode such as perovskite structure anodes174, 181.
Due to the significant electrochemical performance improvement of Ni-based anode in humidified H2125,
216

, steam vapor has been universally supplied with H2 to Ni-YSZ anode29, 217. A few researchers dedicated

to this topic and proposed several suppositions based on their experimental results. Jiang et al. claim that
in humidified gas, Oads species or suboxides form on the Ni surface.22 Compared with a clean Ni surface,
adsorbed hydrogen atoms diffuse faster on oxygen species. Enough amount of oxygen species can serve as
a fast hydrogen diffusion channel network on the Ni surface and significantly enhance the surface
electrochemical activity. On the contrary, Bieberle’s model suggests that the improved electrochemical
performance in humidified gas comes from an expanded hydrogen diffusion length on the YSZ surface.26
In this model, hydroxyl groups formed in humidified gas expanded the hydrogen diffusion length on the
YSZ surface via the protonation-deprotonation mechanism and facilitated the anode kinetics. However,
both mechanisms can be only applicable in specific conditions. Bieberle’s theory is incapable of explaining
the inert effect of H2O on a Pt-YSZ electrode while Jiang’s mechanism is meaningless in a Ni-free system.
With the rise of ceramic anodes, humidified H2 is also employed in many ceramic anodes107, 196, 218, although
the verification of the H2O catalytic effect on ceramics has never been published. For a pure ceramic anode,
in consideration of the absence of Ni and the broad solid-gas two-phase boundary on mixed ionic and
electronic conductors (MIECs), such as Sr2Fe1.5Mo0.5O6-δ (SF1.5M)155, the mechanisms in Ni-YSZ system
mentioned above are unsuitable or insufficient to explain the whole story towards the pure ceramic anode.
Moreover, in terms of the hydrogen oxidation reaction (HOR) (Eq. 3), additional steam vapor will increase
the product (H2O) concentration and push the Eq. (3) backward, which could significantly slow down the
electrochemical process on the anode side.
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H 2 ( g ) + OO = H 2 O ( g ) + VO + 2e −

(3)

∙∙
−
Here, O×
𝑂 , 𝑉𝑂 and 𝑒 denote lattice oxygen, oxygen vacancy, and electron, respectively. Some literature

reported the HOR investigation on ceramic anode based on Eq. (3), but the influence of H2O is neglected,
from both calculation134, 219 and experimental aspects133.
In this chapter, we demonstrated the catalytic effect of H2O on HOR based on Sr2Fe1.5Mo0.5O6-δ (SF1.5M)
and related perovskite materials with electrical conductivity relaxation (ECR) and electrochemical
impedance spectroscopy (EIS) method. In both low and high PH2 environment, a faster HOR process was
observed in humidified gas. The experimental data analysis indicates that H2O mainly contribute to a faster
surface reaction process. This hypothesis is further verified by DFT based thermodynamic modeling. As
moderate steam vapor can increase the oxygen chemical potential and hydrate the surfaces of the ceramic
material, the modeling results demonstrate the beneficial effects of humidity on the HOR reactions as results
of (a) smaller δ and (b) formation surface hydroxyl groups, both of which lower reaction energy of the HOR
processes.
As the first step of the H2O catalytic effect study, we will only focus on pure perovskite structure in this
chapter. SF1.5M is tested in both high and low PH2 environment due to the high stability in H2 (Figure 22).
For other perovskite compositions: La0.5Sr1.5Fe1.5Mo0.5O6-δ (LSFM) and Pr0.5Sr1.5Fe1.5Mo0.5O6-δ (PSFM), insitu exsolution were observed (Figure 44 and Figure 61) in the high PH2 environment. So, the ECR and EIS
tests on LSFM and PSFM are conducted in low PH2 environments to avoid the exsolution during tests.
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Figure 61. XRD patterns of PSFM synthesized in the 5% H2 at 1000 oC for 4 h and reduced in dry H2 at 800 oC for 5 h.

6.1 Catalytic Effect of H2O to HOR
6.1.1 Accelerated surface process in humidified gas (ECR)
Electrical Conductivity Relaxation (ECR) is an intuitive method to compare the equilibrium rate of ceramic
materials from one PO2 environment to another. It is also an effective way to extract the surface and bulk
electrochemical information from a simple test. In this section, ECR is employed to compare the response
behavior of SF1.5M to the gas change with or without H2O in a low PH2 condition (from 5%H2 to 10%H2).
Theoretically speaking, a dry H2-N2 mixed gas provides a lower PO2 environment which leads to a higher
oxygen vacancy concentration and a higher oxygen ion diffusion rate (Dchem) in bulk. Besides, the more
significant PO2 difference from PH2-1 to PH2-2 result in a stronger driving force for oxygen exchange (kex)
at the surface. Therefore, a faster equilibrium process is expected.
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Figure 62. (a) ECR raw data and fitting results of SF1.5M bar sample at 800 oC in the dry (yellow) and wet (blue) gas mixture
from 5%H2 to 10%H2. 2D error map in dry (b) and wet (d) gas, error map with 5% tolerance in dry (c) and wet (e) gas are also
given.

Contrary to the expectation that when switching the gas from 5%H2 to 10%H2, a much faster equilibrium
process is observed in humidified gas (Figure 62a). The value of kex in the humidified gas is about one order
of magnitude larger than that in the dry gas (Figure 62a). Considering the small error of kex values (about ±
10%) and the huge error of Dchem values (at least one order of magnitude difference) in this ECR fitting, the
kex values are reliable. In view of error maps from ECR fitting, we believe the equilibrium process in dry
gas is mainly limited by a slow surface process. From Figure 62c, the error map with 5% tolerance exhibits
a long and almost horizontal narrow area. This shape means that when the Dchem and kex value approaching
to the optimum solution (white point in Figure 62c), the fitting result is mainly dominated by the fixed kex
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value along with the more flexible Dchem value, which indicates the rate-determining step in the dry gas is
the slow surface reaction process. Comparatively, the similar Dchem and kex range in Figure 62e suggests a
co-limited process in humidified gas. Similar results are also observed from perovskite materials LSFM
and PSFM (Figure 63 and Figure 64). This leads to the conclusion that in a dry environment at low PH2
condition, the electrochemical reaction on the anode side is limited by a slow surface process.

Figure 63. (a) ECR raw data and fitting results of the fresh LSFM bar sample (no exsolution) at 800 oC in the dry (yellow) and wet
(blue) gas mixture from 2%H2 to 4%H2. 2D error map in dry (b) and wet (d) gas, error map with 5% tolerance in dry (c) and wet
(e) gas are also given.
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Figure 64. (a) ECR raw data and fitting results of fresh PSFM bar sample (no exsolution) at 800 oC in the dry (yellow) and wet
(blue) gas mixture from 5%H2 to 10%H2. 2D error map in dry (b) and wet (d) gas, error map with 5% tolerance in dry (c) and wet
(e) gas are also given.

6.1.2 Accelerated Surface Process in humidified gas (EIS)
To further simulate a fell cell operation condition, EIS is performed on LSGM electrolyte supported
symmetrical cells. Given the great chemical stability of SF1.5M in H2, the same SF1.5M/LSGM/SF1.5M
symmetrical cell is tested in H2 and 5% H2 with and without steam, respectively. For other perovskite
materials, their symmetrical cells are tested in dry and wet 5% H2. As shown in Figure 65 and Figure 66,
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all symmetrical cells exhibit a smaller polarization resistance (Rp) in the humidified environments than that
in the dry gas.

Figure 65. Nyquist plots of the symmetrical cell SF1.5M/LSGM/SF1.5M obtained at 800 oC in dry and humidified (a) H2, (b)
5%H2.

Figure 66. Nyquist plots of the symmetrical cell (a) LSFM/LSGM/LSFM, (b) PSFM/LSGM/PSFM obtained at 800 oC in dry and
humidified 5% H2.

In the pure H2 (Figure 65a), the impedance spectra of SF1.5M symmetrical cell are made of two arcs, the
high-frequency arc corresponds to the charge transfer process and the low-frequency arc corresponds to the
surface process181-182. As presented in Figure 65a, the overlap of two spectra at high-frequency range
suggests a similar charge transfer process in different gases and implies that H2O has no obvious effect on
the charge transfer process. At low-frequency range, a much smaller arc can be observed in humidified H2
together with the increased characteristic frequency, which rises from 0.26 Hz (dry H2) to 0.85 Hz (wet H2).
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This evident change reveals a promoted surface kinetics with the help of H2O in high PH2 environment. This
conclusion is consistent with our ECR result.

6.2 HOR Mechanism and the Role of H2O
6.2.1 Rate-determining Steps on SF1.5M Surfaces
The surface HOR processes can be divided into several reaction steps, such as hydrogen dissociative
adsorption (Eq. (40)), hydrogen diffusion (Eq. (41)), H2O plus surface oxygen vacancy formation (reaction
between hydrogen and lattice oxygen to produce H2O and surface oxygen vacancy) (Eq. (42)), desorption
of H2O from surface133-134 (Eq. (43)). Where * denotes the adsorption sites on the surface, subscribe “ad”
indicates the adsorbed atoms or molecules, Had,2PB and Had,3PB present the adsorbed hydrogen at the solidgas two-phase boundary and solid-solid-gas triple-phase boundary, respectively.

H 2 ( g ) + 2  2 H ad

(40)

H ad ,2 PB  H ad ,3PB

(41)

2H ad + OO  H 2Oad + VO + 2e−

(42)

H 2Oad  H 2O ( g ) + 

(43)

Guided from the distinct ECR and EIS responses between the dry and wet conditions, a hypothesis is
proposed for the increase of HOR activity of SF1.5M upon increasing humidity of the H2 gas. Benefit from
the sufficient ionic and electrical conductivity, HOR area on SF1.5M is expanded to the solid-gas twophase boundary on the electrode. Thus, hydrogen diffusion (Eq. (41)) should not be the rate-determining
step. Also, desorption of H2O (Eq. (43)) is unlikely to be the rate-determining step in the dry gas. Therefore,
the added H2O could be beneficial to the surface catalytic processes such as the hydrogen dissociative
adsorption (Eq. (40)) and the reactions between hydrogen and lattice oxygen on the surface (Eq. (42)).
The HOR intermediate state of the H2O plus surface O vacancy formation was previously reported to be
the rate determined step for HOR on the (001) FeO2 terminated surfaces, whereas the HOR on the surface
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Mo-site of the mixed (001) BO2 surfaces (B=Fe and Mo) is controlled by the H2 dissociation step, when the
fuel cells are operated near the open circuit voltage or under the low applied voltage conditions. 134 In the
following discussions, we will focus on the perovskite (001) surface models to examine the effect of
humidity on the HOR on the SF1.5M surfaces.

6.2.2 Effect of Slab Non-stoichiometry on HOR Reaction Energy
Although H2O(g) is on the product side of the HOR (Eq. (3)), which intuitively suggests a likelihood of
suppressing the forward HOR reaction upon increasing humidity in the H2 gas, the oxygen nonstoichiometry
×
of SF1.5M (the activity of O×
𝑂 ) is also influenced by the added humidity, i.e., the lattice O𝑂 activity is

increased (𝑉𝑂∙∙ or δ is decreased) near the SF1.5M surfaces when adding the humidity. It is noted that
following the concept of the chemical potential for the O lattice building unit 220, the effect of increasing
∙∙
×
∙∙
lattice O×
𝑂 activity is accompanied with the decreased 𝑉𝑂 activity. Therefore, the activities of the O𝑂 and 𝑉𝑂

species in the HOR equation cannot be separately discussed when referring to the oxygen chemical potential.
Consequently, the electron chemical potential (Fermi level) near the SF1.5M surfaces is also decreased at
lower δ 221, which contributes to the free energy decrease on the right-hand side of Eq. (3). Overall, both
∙∙
the increased lattice O×
𝑂 activity on the reactant side (which also simultaneously accounts for decreased 𝑉𝑂

activity on the product side following the concept of the O lattice building unit) and decreased electron
chemical potential on the product side compete with the H2O activity effect in the forward reaction of HOR
upon adding humidity.
In Figure 67, the HOR reaction energy landscapes for the SF1.5M (001) BO2 terminated surface under the
dry condition (solid lines - T=1000K, PH2 = 0.05 bar, and PH2O = 0.0001 bar) and the wet condition (dashed
lines - T=1000K, PH2 = 0.10 bar, and PH2O = 0.03 bar ) are presented. These two analyses were performed
for considering the H2O/H2 gas phase chemical potential differences between the dry and wet conditions at
a given slab (subsurface) δ. Note that there is no surface hydration reaction involved in Figure 67’s
calculations and H2O is only regarded as a product. The effect of increasing PH2 in the wet condition vs. the
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dry condition is found to cause slight energy reduction of the first three intermediate states (I1, I2, and I3)
by about 0.06 eV. On the other hand, it can be seen that more significant change of the HOR energy
landscapes at different nonstoichiometry values (δ = 0, 0.25, 0.50 and 0.75), where a lower energy is needed
for the plateau state (I3) of HOR on the SF1.5M surfaces at lower δ. It is also noted that the H2 dissociative
adsorption can occur either on two surface O-sites (I2 - HatO&HatO) or on one surface M-site plus one
surface O-site (I1 - HatM&HatO), and their relative stability can be switched at different δ: the HatO&HatO
state is lower in energy at δ = 0 and 0.25 whereas the HatM&HatO state is lower in energy at δ = 0.5 and
0.75. For the HOR processes, the configuration of higher energy between the HatO&HatO and HatO&HatM
states can be bypassed for the H2 dissociative adsorption step, as indicated by the dashed line arrows in
Figure 67. Beyond the H2 dissociative adsorption step, the H2O plus surface oxygen vacancy formation step
(Surf_VO&H2OatM) can be found to be the intermediate state possessing the highest energy in the HOR
energy landscape for δ = 0.25-0.75. Such results are consistent with Suthirakun et al. for the SF1.5M (001)
B surfaces simulated at δ = 0.625.134 Therefore, considering the energy of Surf_VO&H2OatM (I3) state
relative to the initial surface state in the HOR energy landscape, that the plateau state – I3 (H2OatM&
Surf_VO) is higher in energy at δ = 0.75 and becomes lower when decreasing δ of the slab indicate the HOR
activities can be increased at lower δ near the SF1.5M surfaces. Overall, the HOR reaction energy
landscapes are found to be more significantly influenced by the SF1.5M slab non-stoichiometry value (δ)
than the H2O/H2 gas phase thermodynamic effect at fixed δ, indicating the near surface δ change in response
to the added humidity in the H2 gas can result in greater enhancement to the HOR activities.
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Figure 67. (a) Hydrogen dissociation reaction energy landscape calculated for the SF1.5M (001) BO2 surface for the dry condition
(solid lines) of T=1000K, PH2 = 0.05 bar, and PH2O = 0.0001 bar and the wet condition (dashed lines) of T=1000K, P H2 = 0.10 bar,
and PH2O = 0.03 bar. The color of the lines respresent different slab nonstoichiometry simulated in the slab models: δ = 0 – blue, δ
= 0.25 – green, δ = 0.5 – yellow, and δ = 0.75 – red. The dotted arrows are to highlight the competing steps of I2 and I3 for the H2
dissocative adsorption, in which I2 is higher in energy than I3 and can be by-passed to the I3 step. The top view of the surface
states presented in Figure 67(a) are provided in (b) Surface, (c) I1 (HatM&HatO), (d) I2 (HatM&HatO), (e) I3 (H2OatM&Surf_VO),
(f) I4 (Surf_VO), and (g) I5 (Subsurf_VO), where the second surface layer is only included in the plot (g). The color of the spheres
in Figure 67(b-g) are: brown – Fe, light purple – Mo, red – surface layer O, dark purple- the second surface layer O, green – Sr,
dark pink – O of the adsorbed water, and light blue – H. The shaded grey arrow indicates decrease of the I3 energy with decreasing
δ.
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6.2.3 The Effect of H2O (g) on the HOR with the same δ change
The conclusion from the last section is consistent with the rising trend of kex with PO2 increase (PH2 decrease)
in LSFM with a constant PH2O (3% H2O) (Figure 53c). However, the HOR kinetics in different PH2O
conditions are still unclear. Therefore, ECR tests with the same PO2 change in different PH2O conditions are
designed. Due to the highest sensitivity to the environment change and the best resistance reversibility of
LSFM (Figure 68) among the investigated perovskite materials, two ECR tests are carried out on LSFM.

Figure 68. In ECR test, LSFM resistance change with P H2 in the humidified atmosphere (3% H2O) at 800 oC.

Figure 69. ECR tests on the fresh LSFM bar sample at 800 oC with (a) the same resistance change, (b) the same theoretical P O2
change.

In the first experiment, the equilibrium processes with the same resistance change in dry and humidified
gas are compared. Since it is difficult to directly measure the PO2 in a dry gas, we use resistance as the PO2
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indicator. As shown in Figure 69a, gas with and without steam are provided to make the sample resistance
changed from 1.48 Ω to 1.32 Ω. Similar to Figure 62a, the equilibrium process is faster in the humidified
gas. For the second experiment, gas mixtures with different PH2O (0.61% H2O with ice water, 3.57% H2O
with 26.9 oC water) are applied to theoretically produce the same PO2 change. Though the equilibrium rates
are closer in this experiment, it can still clearly observe that the equilibrium process is faster in the gas with
higher PH2O.
Meanwhile, the equilibrium time with or without steam are different. For all the tests in the humidified gas
(0.61% H2O or 3.57% H2O), though PH2 is quite different (from 1% to 65%), the equilibrium time is always
about 300 s. For the test in the dry gas, however, the equilibrium time is about 2000 s which is 6 to 7 times
longer than the tests in the humidified gas. Therefore, it seems that δ change is not the whole story. Steam
may also introduce other changes on the surface.

6.2.4 The Effect of H2O (g) on the Surface HOR Reaction
As proposed by Uchida222, water dissociation occurs via Eq. (44), which lowers oxygen vacancy
concentration on the perovskite surfaces upon formation of OH𝑂∙ , i.e., the hydroxyl (OH-) group at the
oxygen site. In other words, adsorbed H2O can dissociate into a proton (H+) and a hydroxyl group (OH-)
(Eq. (44-1)) on the perovskite surfaces at expense of reduced amount of oxygen vacancies, where the
∙
positively charged proton (H+) will attach on lattice oxygen (O×
𝑂 ) to form a OH𝑂 (Eq. (44-2)), and the

negatively charged hydroxyl group (OH-) is energetically favorable to fill into the positively charged
oxygen vacancy (𝑉𝑂∙∙) to form another OH𝑂∙ (Eq. (44-3)). Therefore, when H2O dissociation reaction reaches
the equilibrium, the hydrated perovskite surface presents fewer oxygen vacancies (i.e., smaller δ), more
OH𝑂∙ groups, and higher oxygen chemical potential than the dry surface soaked in the same P H2 atmosphere.

H 2O ( g ) + VO + OO  2OHO

H 2O ( g )  H + + OH −
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(44)
(44-1)

H+ +OO  OHO

(44-2)

OH− + VO  OHO

(44-3)

For a perovskite material with higher oxygen vacancy concentration on the surface, the water dissociation
×
′
may also occur via Eq. (45), where M𝑀
denotes the metal site, HM𝑀
presents the hydrogen-bonded metal
′
site. Note that the hydrogen in HM𝑀
is negatively charged hydride species, as indicated by (H-) in the

equation. Same as Eq. (44-1), adsorbed H2O dissociates to a proton (H+) plus a hydroxyl group (OH-) in
this reaction and the hydroxyl group (OH-) fills into a vacancy (Eq. (44-3). In order to further oxidize the
strongly reduced surface and decrease the electron chemical potential, the dissociated proton (H +) may
combine with two electrons from SF1.5M to form a negatively charged hydride species (H-) and attach on
a metal site (Eq. (45-1)). When there is a positively charged oxygen vacancy nearby, hydride (H -) species
is energetically more favorable to fill into the oxygen vacancies (H𝑂∙ ) to become a more stable surface state
with lower surface free energy (Eq. (45-2)).

H 2 O ( g ) + VO + MM + 2e−  OHO + HMM
(H + )

(H − )

(45)

H 2 O ( g )  H + + OH −

(44-1)

OH− + VO  OHO

(44-3)

H + + MM + 2e −  HMM
(H − )

HMM + VO  H O + MM
(H − )

(H − )

(45-1)

(45-2)

Based on Eq. (44) and Eq. (45), a greater amount of oxygen vacancies will be filled with hydroxyl groups
(H𝑂∙ ) and hydride species (H-) at the equilibrium state. In view of that, the nonstoichiometry value (δ) of
SF1.5M at the surface is reduced together with an increased oxygen chemical potential. Besides, when H2O
dissociate as Eq. (8), free electrons will be partially consumed and lead to a lower electron chemical
potential.
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As H2O is on the product side of the HOR, theoretically increasing the H2O product concentration (PH2O)
in Eq. (40) will restrain the forward reaction and, in that case, slow down the HOR kinetics on the anode
side. Nonetheless, compared with the dry surface, the hydrated surface provides a different surface
condition with increased oxygen chemical potential, reduced oxygen vacancy concentration, and decreased
electron chemical potential. All these aspects are possible to speed up the Eq. (40) towards the forward
direction and could potentially accelerate the surface HOR processes. In the following, three scenarios of
HOR are discussed for the SF1.5M dry and hydrated surfaces:
′
(a) Different from the hydrated surface, the hydroxyl groups (OH𝑂∙ ) and hydride species (HM𝑀
or

H𝑂∙ ) on a dry surface mainly formed via the reaction between hydrogen and material surface
(lattice oxygen, metal site, and oxygen vacancy). When a H2 molecule dissociates on two
surface oxygen sites (HatO&HatO), the Eq. (40) can be written as Eq. (46). Driven by the
electrochemical energy, the produced OH𝑂∙ from Eq. (46) is then consumed in Eq. (47) to
produce H2O.

H 2 ( g ) + 2OO  2OHO + 2e−

(46)

2OHO  H 2O ( g ) + VO + OO

(47)

(b) If H2 dissociate on one oxygen site and one metal site (HatO&HatM), the Eq. (40) can be
′
written as Eq. (48). When there is no oxygen vacancy beside HM𝑀
, the hydride species (H-)

will stay on metal site and react with a hydroxyl group, as shown in Eq. (49).

H 2 ( g ) + OO + MM  OHO + HMM
(H + )

(H − )

OHO + HMM  H 2O ( g ) + VO + MM + 2e−
(H + )

(H − )

(48)

(49)

′
(c) The third scenario is as mentioned in Eq. (45-2), when HM𝑀
close to an oxygen vacancy,

hydride species (H-) prefer to fall into the vacancy, and the reaction between the hydroxyl group
and hydride species (H-) can occur as Eq. (50).
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H 2 ( g ) + OO + MM  OHO + HMM
(H + )

(H − )

HMM + VO  H O + MM
(H − )

(H − )

OHO + HO  H 2O ( g ) + 2VO + 2e−
(H + ) (H − )

(48)

(45-2)

(50)

For perovskite SF1.5M with inherent oxygen vacancies, hydration reaction and proton conduction have
been confirmed under a humidified environment in the previous theoretical studies223-224. Unfortunately, the
effect of such surface hydration reaction to the HOR activities was limitedly investigated for SF1.5M or
other ceramic anodes, where more hydroxyl groups (OH𝑂∙ ) can be formed with fewer oxygen vacancies
existed on the SF1.5M surface in the humidified H2.
In the first principles thermodynamic modeling, two factors were examined for the effects of humidity to
the HOR reaction energy landscapes. First, from the H2/H2O gas phase thermodynamic equilibrium, the
oxygen chemical potential is determined when both the H2 and H2O activities are selected. In the case of
fixed H2 gas activity (i.e., at a given T and PH2), the O chemical potential is increased upon increasing
humidity (i.e., increasing PH2O). Consequently, the near surface oxygen nonstoichiometry (oxygen vacancy
content) will be reduced under humidified H2 as compared to the dry H2 condition. To examine the influence
of the slab nonstoichiometry to the HOR, the energy landscapes of the HOR reactions are then investigated
for the SF1.5M (001) BO2 terminated surface with various subsurface lattice oxygen vacancy content in the
(001) slab models. Second, considering the hydration reaction of Eq. (44) and Eq. (45), two (001) Bterminated surface models are further examined for the reaction energy landscapes of the HOR: one is the
clean surface with oxygen vacancies for the dry surface scenario, and the other is the hydrated surface with
′
surface OH𝑂∙ and HM𝑀
species. These two surface configurations can be considered to represent the reactant

side and the product side of H2O dissociation reactions (Eq. (44) and Eq. (45)), respectively. As oxygen
vacancies in SF1.5M are more favorable to form along Fe-O-Fe than Mo-O-Fe bonds224, in this work
surface oxygen vacancies are placed along Fe-O-Fe bonds. The energy landscapes of the HOR on the dry
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surface and hydrated surfaces at various subsurface oxygen nonstoichiometry are then compared to examine
the influence of the surface hydroxyl groups on the HOR activities.

6.2.5 Effect of Surface Hydroxyl Groups on HOR Reaction Energy
In dry H2 condition, hydrogen gas molecules are dissociated on the perovskite surfaces at higher oxygen
vacancy concentration. The dissociated hydrogen then reacts with lattice oxygen to produce H2O and
surface oxygen vacancies. In wet H2 condition, H2O dissociation reactions (i.e., Eq. (44) and Eq. (45)) can
occur to hydrate the electrode surfaces, which produces hydroxyl (OH𝑂∙ ) groups, lower the surface oxygen
vacancy concentration, and decrease the electron chemical potential. Therefore, to further understand the
influences of the surface hydration, the HOR reaction energy landscapes following the same pathways of
Figure 67 are calculated for representative surface models of dry surfaces vs. hydrated surfaces.
As previously shown in Figure 67 and also the work of Ref. 134, the first three steps define the highest
energy state in the HOR energy landscape. We then focus on comparing the energy of first three
intermediates states for the dry vs. hydrated surface models. In addition, since the stable hydrated surfaces
upon filling surface oxygen vacancies with H2O can result in two states as 2HatO and HatM&HatO, both
the hydrated surface models of 2HatO (contain two protons H+s (atO)) and HatM&HatO (contain both the
hydride H- (atM) and the proton H+ (atO) species) are included for comparison with the dry surface.
The stable hydrated surface upon filling surface oxygen vacancies with H2O can result in the existence of
hydroxyl group OH𝑂∙ . The results are shown in Figure 70, and the schematics of the corresponding HOR
cycles on the dry vs. wet surface models are illustrated in Figure 71.
It can be seen in Figure 70a that the energy of the I3 - Surf_VO&H2OatM state is consistently lower by
0.4~0.9 eV for the 2HatO hydrated surface as compared to the dry surface at all the three δ (δ = 0.25, 0.5,
and 0.75), as indicated by the three grey arrows. In the case of the 2HatO hydrated surface, the stabilization
effect in the Surf_VO&H2OatM state can be realized by looking into the surface configurations - Figure 70c
and Figure 70f, as compared to Figure 70e and Figure 70h for the dry surface. The formation of surface
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hydroxyl groups in the hydrated 2HatO surfaces results in elongation of the Fe-O bond as well as distortion
of the surface Fe-O polyhedral, when a proton is bonded with a surface lattice oxygen. The spacing between
the bound H+ with its second nearest neighbor oxygen is found at distance of 2.7 and 3.1Å (Figure 70c).
For the plateau intermediate state - Surf_VO&H2OatM, formation of H2O above the surface Fe site further
enhances the in-plane surface Fe-O elongation in the hydrated surface layers, which pushes the bound H+
closer to its second nearest neighbor O (about 2.1 Å, see Figure 70f) and causes additional interaction of
the bound H+ with its second nearest neighbor surface oxygen. In contrast, the surface in-plane hydrogenoxygen network is absent in the case of the dry surface model (Figure 70e) for the initial surface and Figure
70h for the I3 state). Therefore, the stabilization effect of the surface OH𝑂∙ group for the HOR plateau state
Surf_VO&H2OatM state of the hydrated 2HatO surfaces, is attributed to the enhanced interaction between
the bound H+ of the hydroxyl (OH𝑂∙ ) groups with their second nearest surface lattice oxygens.
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Figure 70. (a) The HOR energy landscapes of the Surface and I1-I3 states for the hydrated surface (blue color) and the dry surface
(yellow color) under the condition of T=1000K, PH2 = 0.97 bar, and PH2O = 0.03 bar. Three different slab δ (0.0, 0.25, and 0.5) are
included in plot. The top view of the configurations of the hydrated surface model and the dry surface model are presented in (b)
and (c), respectively. The top view of the configurations of the plateau intermediate state – I3 (formation of H2O and surface O
vacancy) on the hydrated and dry surfaces are presented in Figure 70 (d) and (e), respectively. The distance between the bound H+s
of the surface hydroxyl groups and their second nearest neighbor surface O are labeled in Figure 70 (b) and (d). The color of the
spheres for the elements is the same as in Figure 67.
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Figure 71. Pathways of hydrogen oxidation reaction on dry surface (yellow line) and wet surface (blue line). The hydration process
from dry to wet surface is provided as green line.

In the other case of the HatM&HatO hydrated surface (Figure 70d and Figure 70g), the surface adsorbed
hydride species (H- adsorbed on the metal site) is found to be falling into surface oxygen vacancy in the
plateau intermediate state – I3 (Figure 70g), due to interaction between the adsorbed H- and surface oxygen
vacancy. The surface H- species can interact with the two neighboring Fe when falling into surface oxygen
vacancy and form two Fe-H bonds with bond length about 1.9 Å, which results in even greater stabilization
of the I3 state (Figure 70g) relative to the dry surface state, as shown in Figure 70b (lowered by 1.6~2.1 eV
as indicated by the arrows). Overall, both the hydrated surface model results point to a faster HOR reaction
rate on the hydrated surfaces than on the dry surface. Examining the plateau I3 intermediate state of the
HOR, the beneficial effect in the hydrated 2HatO surface comes from the in-plane surface hydroxyl
interaction with surface lattice oxygen, whereas the beneficial effect in the hydrated HatM&HatO surface
is due to interaction of surface adsorbed hydride species with the surface oxygen vacancies to form
substitutional H𝑂∙ .
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6.3 Summary
In this chapter, the catalytic effect of H2O on HOR process based on perovskite material SF1.5M is
demonstrated by ECR at low PH2 environment and EIS at high PH2 environment. Both results suggest a
promotion effect of H2O on surface HOR process of the electrode. Based on the DFT modeling results,
which show the H2O plus surface oxygen vacancy formation step is the highest energy intermediate state
on the Fe-O-Fe site of the (001) BO2 surfaces, it is then revealed that the energy of this plateau state can be
reduced on the SF1.5M surfaces with (1) lower δ near the surfaces, and (2) formation of hydroxyl (OH𝑂∙ )
and hydride (H-) relative to the surfaces containing O vacancies. The promotion effect of humidity is further
explained by the lower surface electron chemical potential with increase of O chemical potential, as well
as enhanced interaction between the surface bound H+ (surface hydroxyl) with the surface lattice oxygen in
the 2HatO hydrated surfaces and interaction between surface adsorbed hydride H- with surface O vacancies
in the HatM&HatO hydrated surfaces. Similar phenomenon is also observed in other perovskite materials,
indicating the humidity promotion effect and the identified enhancing factors can be general for HOR on
perovskite ceramics used in the SOFC anodes.
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Chapter 7 Conclusion
In this work, a novel Ni-free anode material is developed as La0.5Sr1.5Fe1.5Mo0.5O6-δ. Based on this redox
reversible ceramic material, in-situ metal exsolution and the enhancement to electrochemical performance
with the exsolved nanoparticles (NPs) are investigated. In the last part, the positive influence of H2O on the
hydrogen oxidation reaction is deeply discussed based on the perovskite material SF1.5M.
In chapter 4, four compositions (SFM, SF1.5M, SFCM, and LSFM) is synthesized via the sol-gel method
followed by the dilatometry measurement and the chemical stability test. The CTE values of different
compositions suggested the critical influence of metal-oxygen (M-O) bond strength to the expansion
behavior. Guided from a careful comparison, the order of M-O bond strength on B-site is summarized as
Mo-O > Fe-O > Co-O and the order on A-site is given as La-O > Sr-O. As the stronger M-O bond, La-O
bond dedicates to the smaller thermal expansion, milder chemical expansion, and the higher redox
reversibility from both expansion behavior and electrical conductivity. In addition, the electrical
conductivity test reveals that La is very friendly to an electrical conductivity performance. Besides of
excellent phase stability and redox reversibility, the electrochemical performance of LSFM is also
outstanding. The half-tear-drop-shaped impedance spectra of LSFM symmetrical cell shows that LSFM is
a good MIEC material with great surface catalytic activity and sufficient ionic conductivity. The active
region thickness of LSFM porous electrode is estimated as 4 µm and the maximum power density of
LSCF/LSGM/LSFM single cell reaches 1156 mW cm-2 in humidified H2 at 800 oC. This attractive
performance benefits from high electrical conductivity, enough ionic conductivity, and decent surface
catalytic activity.
In chapter 5, the in-situ exsolution of Fe NPs in H2, the reversibility of exsolution and the electrochemical
performance related to exsolution are investigated based on LSFM. With the influence of La 3+ on A-site,
Fe NPs are observed with an average size of 120 nm after reduction. Meanwhile, the excellent reversibility
of the exsolved NPs are observed. After re-oxidation, the clear but waved grain boundary and grain surface
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recorded the phase evolution during the redox cycling. The long-term stability (100 hours) in H2 is also
verified in this work. In view of our ECR and EIS analysis, the promotion effect of Fe NPs mainly presents
as a faster surface kinetics and a higher ionic conductivity. At low PH2 atmosphere, ECR results display an
obvious kex increase after Fe exsolution which implies an accelerated process on surface HOR. At high PH2
atmosphere, the increased σi,eff from the EIS analysis confirmed the increment of the ionic conductivity
which contribute to the lower polarization resistance. Overall, the electrochemical performance is improved
by Fe exsolution.
In Chapter 6, the catalytic effect of H2O on HOR process based on perovskite material SF1.5M is
demonstrated by ECR at low PH2 environment and EIS at high PH2 environment. Both results suggest a
promotion effect of H2O on surface HOR process of the electrode. Based on the DFT modeling results,
which show the H2O plus surface oxygen vacancy formation step is the highest energy intermediate state
on the Fe-O-Fe site of the (001) BO2 surfaces, it is then revealed that the energy of this plateau state can be
reduced on the SF1.5M surfaces with (1) lower δ near the surfaces, and (2) formation of hydroxyl (OH𝑂∙ )
and hydride (H-) relative to the surfaces containing O vacancies. The promotion effect of humidity is further
explained by the lower surface electron chemical potential with increase of O chemical potential, as well
as enhanced interaction between the surface bound H+ (surface hydroxyl) with the surface lattice oxygen in
the 2HatO hydrated surfaces and interaction between surface adsorbed hydride H- with surface O vacancies
in the HatM&HatO hydrated surfaces. Similar phenomenon is also observed in other perovskite materials,
indicating the humidity promotion effect and the identified enhancing factors can be general for HOR on
perovskite ceramics used in the SOFC anodes.
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